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ABSTRACT   
 
 
Fibre-metal laminates (FMLs) are hybrid structures comprising interleaved metal sheets and 
fibre reinforced polymer composites. In this work the performance of fibre metal laminated 
plates under blast loading is studied numerically. The FML panels are made of alternating 
layers of aluminium and glass fibre/polypropylene (GFRP) with different number of layers of 
aluminium and composite and in the panels with equal number of layers, with different 
thicknesses of GFPP.  
 
The panels are subjected to global blast loading uniformly distributed over the surface of the 
panel and to local blast loading applied at the centre of the panel with a spatial exponential 
decay towards the edges. The displacements of the front and back faces are found to increase 
linearly with increasing impulse. The results for global blast loading are correlated with 
experimental results obtained by Langdon et.al [doi:10.1016/j.euromechsol.2007.09.003] and 
for localised blast loading with experimental studies conducted by Langdon et.al 
[doi:10.1016/j.ijimpeng.2006.05.008 , doi:10.1016/j.ijimpeng.2006.05.009]. A good correlation 
between the experimental and numerical results is found.  Back face debonding is found in all 
the panels for both load cases.  
 
 The results are also compared with the response of mild and armour steel plates having the 
same areal densities as FML panels. It has been shown that for the same impulse, the 
displacement of mild steel plate with the same areal density is approximately twice the back 
face displacement of FML for global blast and depends upon the thickness of mild steel plate. 
Therefore, for global blast loading FML performs better and can withstand higher impulses 
without rupture whereas mild steel plate tears apart for global blast loading and in certain 
cases for local blast loading. On the other hand, the displacements in armour steel are 70% to 
80% of the corresponding FML panel with same areal density when subjected to global or 
local blast loading.  
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Chapter 1  
 
 
 
 
 
Introduction 
 
 
 
 
 
1.1. Historical Background 
 
Fibre metal laminates are hybrid composite structures based on thin sheets of metal alloy and 
plies of fibre reinforced polymeric material (Cortés and Cantwell, 2006). These structures 
combine the advantages of metal and fibre reinforced matrix systems. Some Metals are for 
instance isotropic, have high bearing strength and impact resistance and are easy to repair, 
while full composites have excellent fatigue characteristics and high strength and stiffness. 
The individual deficiencies of metal and composite material can be overcome by the 
combination. For example fatigue and corrosion characteristics of metals and low bearing 
strength and reparability of composites are eliminated by the combine resistance of both 
materials in hybrid form (Sinmazçelik et al., 2011). These material systems are created by 
bounding composites laminate piles to metal piles (Vogelesang and Vlot, 2000). The concept is 
usually applied to aluminium with aramid and glass fibres, but can also be applied to other 
constituents (Sinmazçelik et al., 2011).  
 
During the last four decades, there has been a search for light-weight materials that can 
replace the traditional aluminium alloys in aerospace structures (Remmers and de Borst, 
2001). For an optimal structural design, a new material is needed which combines high 
strength, low density and high elasticity modulus with improved toughness, corrosion 
12 
 
resistance and fatigue properties. Fibre reinforced composite materials cover all these 
demands, except for fracture toughness (Sinmazçelik et al., 2011). 
 
In the fifties, an important goal of aircraft material development was to improve the crack 
growth properties of structural materials (Asundi and Choi, 1997). Advanced Aluminium alloys 
and fibre reinforced composites were considered as strong contingents for improving the 
performance and reducing cost.  The idea of combining metal and composite was born in 
seventies.  It was found that fatigue crack growth rates in adhesive bonded sheets can be 
reduced, if they are built up by laminating and adhesively bonding thin sheets of metal instead 
of using one thick monolithic sheet. The advantage becomes highly evident if cracks start in 
one of the sheets of the laminates only, the adhesive layers behaving as crack dividers. Under 
these circumstances, the sheets that are still uncracked reduce the crack growth rates persist 
until a crack is initiated in neighbouring sheet also. The process is shown in Figure 1. 
 
 
          Figure 1: Crack growth process in pure metal and FML (Pleitner, 2006) 
                
The first metal laminates material which was introduced is ARALL (Aramid Fibre Reinforced 
Aluminium Laminate) in 1978 by faculty of Aerospace Engineering at the Delft University of 
Technology. ARALL consists of alternating thin aluminium alloy layers (0.2 ± 0.4 mm) and 
uniaxial or biaxial aramid fibre prepreg, as shown in the   Figure 2.  Production of four 
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different types of standardized ARALL was started after sufficient confidence in this material 
had been gained. The trades ARALL1 and ARALL2 were standardized. ARALL 1 is a variant with 
aluminium 7075 layers and ARALL 2 uses aluminium 2024 layers and it was in the as-cured 
condition (Botelho et al., 2006). 
 
 
    Figure 2: Schematic presentation of Fibre Metal Laminate (Sinmazçelik et al., 2011) 
         
Later, the CARALL Laminates, a much stiffer ARALL which consist of carbon fibres instead of 
aramid fibres had been investigated. Recent research has shown that CARALL laminates also 
have fibre failure occurred during flight-simulation fatigue tests at elevated stress levels, 
which resulted in poor fatigue performance. The limited failure strain of the carbon fibres 
(0.5–2.0%) was thought to be a disadvantage. Thus, it is sensitive to notch behaviour 
comparing to monolithic aluminium alloy. Due to the problem of galvanic corrosion between 
the carbon fibres and the aluminium sheet in moisture environment, more research has to be 
done (Sinmazçelik et al., 2011).  
 
In 1990, aramid fibres were replaced by high strength glass fibre to improve ARALL laminates, 
and this new combination was called GLARE (GLAss REinforced). Nowadays, Glare materials 
are commercialized in six different standard grades. They are all based on unidirectional glass 
fibres embedded with epoxy adhesive resulting in prepregs with a nominal fibre volume 
fraction of 60%. During fabrication of composites the preprgs are laid-up in different fibre 
orientations between aluminium alloy and sheets, resulting in different standard GLARE 
grades as shown in Figure 3 (Botelho et al., 2006). For the Glare 1, Glare 2, Glare 4 and Glare 5 
the composite laminae, i.e. the fibre/resin layer, are stacked symmetrically. In the case of 
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Glare 3 composite, the composite lamina have a cross-ply fibre layer stacked to the nearest 
outer aluminium layer of the laminate, in relation to the rolling direction of the aluminium. 
For the Glare 6 composite, the composite layers are stacked at + 45° and – 45°. 
 
Figure 3: Configuration of continuous fibre/metal/epoxy hybrid composite (Botelho et al., 2006) 
 
1.2. Advantages and disadvantages of fibre metal laminates 
 
Fibre metal laminates take the advantages of metal and fibre reinforced composites, providing 
superior properties to the conventional lamina consisting only of fibre-reinforced lamina or 
monolithic aluminium alloys (Chang et al., 2008).  
 
1.2.1.  Advantages of fibre metal laminates 
 
 Material behaviour: 
1) High fatigue resistance:  It is achieved by the intact bridging fibres in the wake of 
the crack opening. FMLs have excellent fatigue characteristics (Vogelesang and 
Vlot, 2000, Asundi and Choi, 1997, Chang et al., 2008, Remmers and de Borst, 
2001). 
2) High strength: As already stated, FMLs are hybrid structures based on thin sheets 
of metal alloy and plies of fibre-reinforced polymeric materials. A combination of 
metal alloy which have high bearing strength and fibre reinforced composites 
which have high strength and stiffness. FMLs are structural materials with high 
strength (Pleitner, 2006). 
3) High fracture toughness: Depending on the studies, FMLs have better fracture 
toughness than their constituent alloys. Based on this behaviour and accounting 
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for the lower fatigue crack growth rates, presented by these materials, they can 
be a very attractive option for a wide set of structural applications (Sinmazçelik et 
al., 2011). 
4) High impact resistance:  Unlike composites, the damage tolerance behaviour of 
FML is comparable to conventional aluminium alloys. The same types of damage 
and plastic deformations are observed, only at higher impact energy level. Impact 
deformation is actually a significant advantage of FML, especially when compared 
to composites, because this visible damage significantly increases ability and 
detect ability. Therefore, the use FML allows for repair of impact damages 
(Sinmazçelik et al., 2011). 
5) High energy absorbing capacity: FMLs are capable of absorbing significant energy 
through localized fibre fracture and shear failure in the metal plate (Sinmazçelik et 
al., 2011). 
 Physical properties: 
1) Low density: FML is a weight saving structural material compared to others 
because of  the use of epoxy based polymer matrix and low density aluminium 
sheets (Asundi and Choi, 1997). 
 Durability: 
1) Excellent moisture resistance: The moisture absorption in FML composite is 
slower when compared with polymer composites, even under the relatively harsh 
conditions, due to the barrier of aluminium outer layers (Botelho et al., 2006). 
Inside the body, additional prepreg layers act as moisture barriers between the 
various aluminium layers (Vlot, 1996). 
2) Excellent corrosion resistance: As already mentioned, excellent moisture 
resistance of FMLs and high corrosion resistance of polymer based fibre 
laminates ensures FMLs excellent corrosion resistance (Asundi and Choi, 1997, 
Vogelesang and Vlot, 2000, Vlot, 1996). 
3) Lower material degradation: FMLs have excellent moisture and corrosion 
resistance. FML’s degradation as a result of environmental aspects is significant 
lower as compared to either metallic structures, or composite structures 
(Sinmazçelik et al., 2011). 
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 Safety: 
1) Fire resistance: The high melting point of the fibres in FML prevents the 
penetration of fire to the inner layers and therefore, the fire resistance of FMLs 
are much better than monolithic aluminium alloys depending on their fibre 
melting point. FMLs are being used as fuselage materials in aircrafts. With their 
good fire resistance, FMLs ensures time to passengers for evacuating the aircraft 
safely (Sinmazçelik et al., 2011). 
 Cost saving: 
1) Usage of FMLs instead of metal gives a very high weight saving. Further, the 
number of parts required to build a component may be dramatically less than the 
number of parts needed to construct the same component of metal alloy. This can 
lead to labour savings and reducing cost (Sinmazçelik et al., 2011). 
2) Because of high fatigue resistance, FMLs requires less repairs and thus reduces 
maintenance cost (Asundi and Choi, 1997). 
1.2.2. Disadvantages of FMLs 
 
The major disadvantage associated with epoxy based fibre metal laminates is the long 
processing cycle to cure the polymer matrix in the composite piles (Cortés and Cantwell, 
2006). This problem increases the cycle time of the whole production and decreases 
productivity. This increases labour costs and overall cost of FMLs.  
Table 1: Identified advantages and disadvantages of various fibres (Sinmazçelik et al., 2011) 
Fibre Advantages Disadvantages Conventional FML 
Aramid Outstanding 
toughness 
Weak in bending, 
buckling, 
compression loading 
and transverse 
tension 
 
 Excellent fatigue 
resistance in both 
tensile and flexural 
fatigue loading 
Absorb moisture ARALL 
 High Young’s 
modulus 
Do not form strong 
bond with other 
materials such as 
composite matrices 
 
 Low weight   
Glass High tensile strength High weight  
 High failure strain  GLARE 
 Do not absorb 
moisture 
Low stiffness  
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1.3. Production of FMLs 
 
The most common process to produce FML laminates, as for polymeric composite materials, 
involves the use of autoclave processing. The overall generic scenario for the production of 
FML composite aerospace components involves about five major activities (Botelho et al., 
2006): 
1. Preparation of tools and materials: During this step, the aluminium layer surfaces are 
pre-treated by chromic acid or phosphoric acid, in order to improve the bond 
between the adhesive system and the used aluminium alloy. 
2. Material deposition, including cutting, lay-up and debunking. 
3. Cure preparation, including the tool cleaning and the part transferring in some cases, 
and the vacuum bag preparation in all cases. 
4. Cure, including the flow-consolidation process, the chemical curing reactions, as well 
as the bond between fibre/metal layers. 
5. Inspection, usually the ultrasound, X ray, visual techniques and mechanical tests. 
 
Figure 4: Manufacturing process of FMLs (step by step) (Pleitner, 2006) 
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Figure 5: Manufacturing process of FMLs (step by step) (Pleitner, 2006) 
 
1.4. Applications 
 
FMLs are finding common use in aerospace industry because of their advantages as stated 
before. A number of companies have interest in substitute the traditional aluminium 
components by FML composites (Sinmazçelik et al., 2011). Both ARALL and GLARE laminates 
are now being used as structural materials in aircrafts. Fibre metal laminates have been 
successfully introduced in the Airbus A380 (Pleitner, 2006). Figure 6 shows FMLs composite 
application in the Airbus A380 airplane (Botelho et al., 2006). 
 
 
Figure 6: Metal/fibre applications in A380 airplane from Airbus (Botelho et al., 2006) 
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ARALL has been developed for the lower wing skin panels of former Fokker 27 aircraft and the 
cargo door of the Boeing C-17. ARALL 3 material is currently in production and flight test on 
the C-17 cargo doors and GLARE is selected for the Boeing 777 impact resistant bulk cargo 
floor (Sinmazçelik et al., 2011). 
 
1.5. Mechanical properties 
 
The mechanical properties of FMLs have been an active area of research in past a few 
decades. Tension, compression, shear and impact are the main tests under use for screening 
properties of FML (Ad Vlot, 2001).  
 
In particular, the impact properties of several GLARE materials are better than those of 
aluminium, while the impact behaviour of glass fibre composites are significantly lower than 
the aluminium. Impacted GLARE laminates presents a dent on the surface, similar to 
aluminium (Ad Vlot, 2001). The damage tolerance of GLARE also is better when compared to 
aluminium and polymer laminates. Fatigue damage in many adjacent riveted holes causes 
significant strength loss for the 2024-T3 alloys while the strength reduction for GLARE is less 
significant (Ad Vlot, 2001). 
 
To calculate the elastic constants for composite, self consistent model is used. In the self 
consistent model, it is considered that spatially oriented composite rods, representing fibre 
bundle orientation, are transversely isotropic. The local stiffness tensor for each of these rods 
is calculated and rotated in space to fit the global composite axes as shown in Figure 7. The 
global stiffness tensors of all the composites rods are then superimposed with respect to their 
relative volume fraction to form the composite stiffness tensor (Botelho et al., 2006). 
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Figure 7: Determination of direction cosines for a fibre spatially inclined (Botelho et al., 2006) 
 
1.5.1. Tensile behaviour 
 
Tensile properties of FMLs depend upon the properties of its constituents. Stress-strain 
behaviour of FML exhibits well defined elastic response from the composite laminae and 
aluminium up to 2% strain. The load bearing capability which is associated with the aluminium 
stress-strain plastic region is responsible for the toughness and notch sensitivity (Botelho et 
al., 2006). Tensile behaviour of  FMLs is generally investigated according to ASTM D3039 
(Sinmazçelik et al., 2011). In all the literature reported on tensile properties of FMLs, the test 
specimen shapes and dimensions were different. Some of them used rectangular shape 
tensile specimens (Moussavi-Torshizi et al., 2010, Cortés and Cantwell, 2006, Cortés and 
Cantwell, 2005) and some of them used dog bone shape tensile specimen (Lawcock et al., 
1997, Reyes  and Kang, 2007, Johnson and Hammond, 2008, de Vries et al., 1999).  For tensile 
tests, universal and servo hydraulic testing machines were used. These tests were performed 
at room temperature at various crosshead speeds.  It is important to note that during all 
tensile tests, the Young s’ modulus was recorded using a chip-on extensometer which was 
incapable of measuring the complete stress-strain curve. Typical stress-strain curves for FML 
and their mother materials are shown in Figure 8. 
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Figure 8: Tensile behaviour of laminates (Botelho et al., 2006) 
 
Table 2: Tensile behaviour (Botelho et al., 2006) 
Specimen σult (MPa) Strain (%)  E(GPa) 
Carbon fibre/epoxy 1160 ± 37 1.74 ± 0.06 67.2 ± 4 
Glass fibre/epoxy 570 ± 17 1.18 ± 0.04 26.7 ± 2 
GLARE 380 ± 23 1.9 ± 0.1 55.3 ± 2 
CARAL 420 ± 29 1.6 ± 0.2 58.9 ± 2 
 
1.5.2. Compression behaviour 
 
The compression strength of composites dependents on the way the loading is applied. In 
particular, the axial compressive strength for unidirectional polymer composites is mainly 
controlled by the buckling modes of fibres  (Botelho et al., 2006, Hull and Clyne, 1996). 
 
Compressive stress as a function of strain for GLARE and CARAL laminates are shown in Figure 
9 and  results for compressive strength of polymer composites and the hybrid composites 
(GLARE and CARAL) are shown in Table 3 (Botelho et al., 2006). Results shown in Table 3 
follow the same trends for tensile strength in Table 2 , i.e., GLARE laminates exhibited lower 
strength than other composites (Botelho et al., 2006). 
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Figure 9:  Compressive behaviour of laminates (Botelho et al., 2006) 
 
Table 3: Compressive behaviour (Botelho et al., 2006) 
Specimen σ (MPa) Strain (%) 
Carbon fibre/epoxy 390 ± 24 25.1 ± 0.6 
Glass fibre/epoxy 300 ± 26 25.3 ± 0.9 
GLARE 310 ± 16 19.9 ± 1.2 
CARAL 319 ± 12 22.5 ± 0.3 
 
1.5.3. Shear strength behaviour 
 
Shear behaviour of composite materials is a matrix dominated property. Interlaminar shear 
strength is governed by the adhesion between fibre and matrix. Additionally, in FML the 
interface bond layer between aluminium and the composite laminae can play the role. The 
determination of shear properties of materials in general and advanced composites in 
particular, is not an easy task. Different devices and test methods have been proposed in the 
literature in order to measure and study the shearing properties (Ad Vlot, 2001).  There have 
been always concerns about measuring shear properties for these materials because it is very 
difficult to apply pure shear stress in the gauge section. High anisotropy and structural 
heterogeneity of composites materials make it much more difficult (Botelho et al., 2006). 
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Short beam shear test is usually used to measure the apparent interlaminar shear strength of 
composite materials. It is applicable to all types of parallel fibre reinforced plastics and 
composites. The data can be used for research and development purposes concerned with 
interply strength, or prove useful in comparing composite materials. Table 4 presents the 
interlaminar shear strength results for polymer composites materials and for FML composites. 
The ineterlaminar shear strength for Carbon fibre/epoxy and Glass fibre/epoxy is more than 
twice the value for FML composite(GLARE and CARAL) (Botelho et al., 2006). 
 
Table 4: Shear behaviour (Botelho et al., 2006) 
Specimen τ (MPa) 
Carbon fibre/epoxy 84.5 ± 2.1 
Glass fibre/epoxy 87.2 ± 1.1 
GLARE 38.1 ± 1.2 
CARAL 40.2 ± 1.7 
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Chapter 2  
 
 
 
 
 
Literature review 
 
 
Nomenclature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1. Blast loading on structures: An overview 
 
An explosion is defined as a large- scale, rapid and sudden release of energy. Explosions are 
classified as physical, chemical or nuclear events based on their nature.   
ܽ Length of the rectangular plate 
ܾ Width of the rectangular plate 
௦ܲ௢  Peak over pressure for spherical blast 
ܴ Radius of the circular plate 
ݐ Thickness of the plate 
ܹ Equivalent charge weight in kilogram of TNT 
ܼ Scaled distance 
ߩ Density of the plate material 
ߪ௬ Yield stress of the plate material 
߮௖ Damage parameter for circular plate 
߮௥  Damage parameter for rectangular plate 
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 In physical explosion, energy may be released from the catastrophic failure of a 
cylinder of compressed gas, volcanic eruption or even mixing of two liquids at 
different temperatures. 
 Chemical explosion is caused by rapid oxidation of fuel elements (carbon and 
hydrogen atoms). 
 In nuclear explosion, energy is released from the formation of different atomic nuclei 
by the redistribution of the protons and neutrons within the interacting nuclei (Ngo et 
al., 2007) 
 
Explosive materials can be classified according to their physical state as solids, liquids or gases. 
Solids explosives are mainly high explosives for which blast effects are best known. They can 
also be classified on the basis of their sensitivity to ignition as secondary or primary explosive. 
Secondary explosives when detonated create blast or shock waves which can result in 
widespread damage to the surroundings. Examples include trinitrotoluene (TNT) and 
Ammonium nitrate/fuel oil (ANFO) (Ngo et al., 2007). 
 
The detonation of a condensed high explosive generates hot gases under pressure up to 300 
kilo bar and a temperature of about 3000-4000 ̊C. The hot gas expends, forcing out the 
volume it occupies. As a consequence, a layer of compressed air (Blast wave) forms in front of 
this gas volume containing most of the energy released by the explosion. Blast wave 
instantaneously increases to a value of pressure above the ambient atmospheric pressure. 
This is called the side-on overpressure that decays as the shock wave expands outward from 
the explosion source. After a short time, the pressure behind the front may drop below the 
ambient pressure to form a negative phase during which a partial vacuum is reared and air is 
sucked in. This is also accompanied by high suction winds that carry the debris for long 
distances away from the explosion source. 
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Figure 10:  Blast wave propagation 
 
 
 
 
Figure 11: Blast wave pressure- Time history 
 
When the incident pressure wave encounters a structure which is not parallel to the direction 
of the wave it is reflected and reinforced and the resulting pressure is called reflected 
pressure. The reflected pressure is always greater than the incident pressure at the same 
distance from the explosive. The magnitude of reflected pressure depends upon the angle of 
incidence of the shock wave. If the angle of incidence is zero then the reflected pressure is 
minimum and is equal to the incident pressure. On the other hand if the shock wave is 
perpendicular to the surface then the reflected pressure is maximum (FEMA426, 2003).  
 
There are two parameters which describe the conventional blast loading. 
1) Size of the bomb or charge size 
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2) Standoff distance 
 
The charge size is the amount of explosive material present inside the bomb, whereas the 
standoff distance is the distance between the blast source and the target. 
        
The blast pressure time history is shown Figure 11, where ݐ஺  is the arrival time of the pressure 
wave and at that time, the pressure is suddenly increases from ambient pressure ௢ܲ to peak 
value of the overpressure ௦ܲ௢. The pressure then starts decreasing over the course of time ݐௗ  
and reaches to ambient pressure level and further decays to the negative side and finally 
returns back to the ambient pressure.  The important parameters in this pressure time history 
are peak overpressure, positive specific impulse and positive duration. The negative phase of 
the blast wave is generally ignored. 
 
When the blast pressure encounters the target, then depending upon the nature of the target, 
it may get amplified or reduced.  This whole pressure involves very complex phenomena of 
fluid-structure interaction. 
 
The peak overpressure for spherical blast was first introduced by Brode (1955) and is given as 
(Ngo et al., 2007) 
 
௦ܲ௢ = 6.7ܼଷ + 1(ܾܽݎ), ( ௦ܲ௢ > 1ܾܽݎ) 
௦ܲ௢ = 0.975ܼ + 1.455ܼଶ + 5.85ܼଷ
− 0.019(ܾܽݎ) (0.1ܾܽݎ < ௦ܲ௢ < 10ܾܽݎ) 
(1) 
 
where ܼ is scaled distance given as (Ngo et al., 2007) 
 ܼ = ܴ
ܹ
ଵ
ଷ
 (2) 
 
For high explosive charge detonating at ground surface, Newmark and Hansen (Newmark and 
Hansen, 1961) introduced the following relationship to compute the peak over pressure (Ngo 
et al., 2007) 
 ௦ܲ௢ = 6784ܼଷ + 93ܼଷଶ (3) 
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Mills (Mills, 1987) introduced a simpler relationship in which ܹis expressed as the equivalent 
charge weight in kilograms of TNT (Ngo et al., 2007) 
 ௦ܲ௢ = 1772ܼଷ − 114ܼଶ + 108ܼ  (4) 
 
2.2. Blast loading on plates 
 
Plated structures are important in a variety of aero, marine and land-based applications 
including aircrafts, ships, offshore, platforms, box girder bridges, power/chemical plants, bins, 
bunkers and box girder cranes. Internal explosion on-broad commercial aircraft using 
explosive devices results in complete loss of aircraft. Land-based structures experience air 
blast loading during war or terrorist attack or accidental gas explosion. Marine structures 
undergo air blast loading due to accidental gas explosions and/or the attack of rockets and 
missiles above the waterline and underwater explosion loading due to the explosion of 
torpedoes, mines and depth charges below the waterline (Rajendran and Lee, 2009). 
 
Biggs (Biggs, 1964) and Clough and Penzien (Clough RW, 1975) applied single degree of 
freedom systems to obtain blast damage(Rajendran and Lee, 2009). Pressure-Impulse diagram 
was also used to study the elastic and plastic response of single degree of freedom systems 
(Ma et al., 2007). Pressure-Impulse diagram shows the different combinations of peak 
pressure and impulse which will cause the damage to the system if the combination lies above 
the curve otherwise  system is safe if it lies below the curve (Ma et al., 2007). For plastically 
deformed plates the deflection is the central point is usually used as a parameter to measure 
the blast damage. 
 
Following modes of failures have been indentified for beams and plates made up of metal 
under blast loading (Menkes and Opat, 1973): 
 
1) Large inelastic deformation (Mode I) 
2) Tensile tearing (Mode II) 
3) Transverse shear failure (Mode III) 
 
For large plastic deformation or Mode I failure, of circular plates when subjected to global 
blast loading and with fixed boundaries along the edges, the deflection to thickness ratio is 
given by Nurick and Martin (Nurick and Martin, 1989c) 
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 ൬
ߜ
ݐ
൰
௖
= 0.425Ф௖ + 0.227 (5) 
For rectangular plate clamped along all the four sides, empirical relationship is given as 
 ൬
ߜ
ݐ
൰
௥
= 0.471Ф௥ + 0.001 (6) 
 where ߜ is the central displacement, ݐ is the thickness of the plate and Ф is the damage 
parameter, given by for circular and rectangular plate by Nurick and Martin (Nurick and 
Martin, 1989c) 
 Ф௖ = ܫ
ߨܴݐଶ(ߩߪ௬)ଵଶ (7) 
 Ф௥ = ܫ2ݐଶ(4ܾܽߩߪ௬)ଵଶ (8) 
where, ܴ is the radius of the circular plate, ߩ is the density of the plate material, ߪ௬ is the yield 
stress of the plate material and 2ܽ, 2ܾ are the length and width of the rectangular plate. 
     
For plates subjected to local blast loading  (Wierzbicki, 1999) has showed that plate petalling 
occurs when localized explosion takes place. Lee and Wierzbicki (Lee and Wierzbicki, 2005a, 
Lee and Wierzbicki, 2005b) reported the analytical and numerical modelling of different 
modes of failure for plates subjected to localized blast loading. The formation of petalling 
failure was studied in detail by Nurick and Radford (Nurick GN, 1997). Jacob et al. (Jacob et al., 
2004b) studied the effects of varying loading conditions and the plate geometry on 
deformation and found the response of the plate numerically. 
 
 2.3. Response of fibre metal laminates to blast loading 
 
Fibre-metal laminates are hybrid structures comprising interleaved metal and fibre reinforced 
polymeric composite sheets. The performance of these structures under blast and impact 
loading is generally better than their constituents. Fibre-metal laminates combine the 
advantages of metal and fibre reinforced matrix systems. Metals are, for instance, isotropic 
and have high bearing strength and ductility thus high blast and impact resistance, while 
composites have excellent fatigue characteristics and high strength and stiffness-to-weight 
ratios. The individual deficiencies of metal or composite constituents can be overcome or 
ameliorated by the combination. For example, fatigue and corrosion characteristics of metals 
and low bearing strength, impact resistance and reparability of composites are eliminated by 
the combined resistance of both materials in hybrid form (Sinmazçelik et al., 2011).  
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In the past few decades, various sandwich structures comprising two metal plates and 
sandwiching a core material are studied and are shown to respond better in comparison to 
conventional monolithic metal plates under blast loading because of their good energy 
absorption and core structure that result in pulse attenuation (Yang et al., 2011, Zhu, 2007, 
Yuen et al., 2009). 
        
The response of plates to global and local blast loading has been investigated in detail (Jacob 
et al., 2007, Langdon et al., 2005, Nurick and Martin, 1989b, Nurick and Martin, 1989a, 
Teeling-Smith and Nurick, 1991, Nurick et al., 1996, Nurick and Shave, 1996, Franz et al., 2002, 
Wierzbicki, 1999, Jacob et al., 2004a, Balden and Nurick, 2005, Jones, 1989). Many studies 
have been conducted on the response of GLARE (GLAss REinforced) and thermoplastic based 
FMLs (Shukla et al., 2010, Reyes  and Cantwell, 2004, Reyes  and Cantwell, 2000). The initial 
use of GLARE in aircraft was to improve the fatigue properties of aircraft components, 
recently GLARE has been used because of its improved properties, relative to monolithic 
aluminium of the same areal density(Shukla et al., 2010).  
 
Studying the dynamic response of FMLs under blast loading has been an active area of 
research in past a few decades. Many experimental and numerical studies have been 
performed to investigate the performance of FMLs under local and global blast. Merits and 
demerits of different combinations are identified in these studies. The most recent improved 
form of FMLs is GLARE. GLARE is made up of alternating layers of aluminium and glass fibre 
reinforced epoxy. FMLs based on thermoplastic composites have been successfully developed 
by Reyes and Cantwell (Reyes V and Cantwell, 2000) where it is shown that these composite 
posses improved fracture toughness, shorter processing times and good impact resistance. 
Many studies have been made on GLARE and thermoplastic based FMLs. Vlot (Vlot, 1996) 
studied the response of different types of FMLs under impact loading and concluded that 
performance of glass fibre metal laminates is better than carbon or aramid fibre metal 
laminates. Hoo Fatt (Hoo Fatt et al., 2003) found out analytical solution for different energy 
absorbing mechanisms in FLMs when they are subjected to ballistic impact where, depending 
upon the thickness of the panel, 84-92% of the total energy is absorbed by bending and 
membrane action whereas the rest of the energy is absorbed by delamination failure. 
Compston et al. (Compston et al., 2001) showed that for FMLs with alternating 2024 
aluminium and E-glass/ polypropylene layers, the ballistic limit is 50% more than monolithic 
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aluminium alloy when subjected to impact. Reyes and Cantwell (Reyes  and Cantwell, 2004) 
studied the response of unidirectional glass fibre/polypropylene and woven glass 
fibre/polypropylene plates under high velocity impact and concluded that woven glass 
fibre/polypropylene exhibited smaller amount of delamination than unidirectional 
glass/polypropylene for the same impact velocity. Langdon et al (Langdon et al., 2007b, 
Lemanski et al., 2007a) reported tests on FMLs subjected to localised blast loading. Different 
failure modes are identified in these tests which include large plastic deformations, back face 
debonding, debonding of interlayers and fibre fracture. Lemanski et al. (Lemanski et al., 
2007a) carried out the quantitative studies on test results and concluded that, when 
expressed in terms of non-dimensional parameters, the front and back face displacements 
plotted against non-dimensional impulse fall within one plate thickness of a linear trend line. 
These non-dimensional parameters are non-dimensional impulse and front and back plate 
displacements divided by the thickness of the panel and when plotted against each other, the 
results may be approximated by a single linear trend line with ±1 plate thickness. The impulse 
for the onset of tearing was found to increase linearly with panel thickness. Karagiozova et al 
(Karagiozova et al., 2010) carried out numerical simulations on FMLs subjected to localised 
blast and found good correlations with the results reported by Langdon et al. (Langdon et al., 
2007b, Lemanski et al., 2007a) in terms of front face and back face displacement, debonding 
and also the response was compared with monolithic aluminium alloy plate of equivalent 
mass and a foam core panel where larger midspan displacements were obtained for 
monolithic plates. 
 
Langdon et al (Langdon et al., 2008) carried out experimental test in which FMLs encompassed 
aluminium alloy sheet, a polypropylene interlayer and co-mingled glass fibre/polypropylene 
woven cloth were subjected to blast load uniformly distributed over the face of the panels. 
The loading was generated by detonating annuli of explosive. Panels consisting of different 
number of layers of aluminium and GFPP were tested. Different failure mechanisms were 
identified which includes large plastic deformation, tearing of aluminium, debonding of back 
plate and buckling of front plate.   
 
The purpose of the present study is to carry out numerical simulations on FMLs made up of 
aluminium alloy sheets and GFPP plies subjected to global and local blast loading by using 
finite element code ABAQUS/Explicit 6.9-1 (Dassault Systemes Simulia Corp., 2009) to 
correlate the test results in terms of front and back face displacements, debonding of 
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interlayers and back face debonding. The dependence of configuration of the panel on the 
number of layers and the thickness of GFPP is studied.   
 
2.4. Presentation of the work 
 
The organization of the work is as following 
 
 In the third chapter, two failure criteria for woven composites are compiled in 
FORTRAN and implemented in ABAQUS by using VDUSFLD. The criteria are capable of 
capturing ply failure. Based on ABAQUS simulations on a plate made up of woven 
composite, the selection is made for FML simulations subjected to global and local 
blast loading. 
  In fourth chapter, twelve models of FMLs subjected to global blast are simulated and 
the results are compared with experimental results reported in (Langdon et al., 2008).  
 In the fifth chapter, sixteen FML models subjected to localised blast loading are 
simulated and the results are corroborated with experimental results presented in 
(Langdon et al., 2007b, Lemanski et al., 2007a, Langdon et al., 2007c) in terms of front 
and back face displacements and the debonding of the back plate. The velocity 
distribution in through-thickness direction in FML when subjected to local blast 
loading is also studied.  
 In the sixth chapter, the simulations are carried out on mild steel with the same areal 
density as the FMLs and subjected to similar global blast and local blast loading and 
the results are compared with the response of FMLs.  
 In the seventh chapter, the simulations are carried out on armour steel plate with the 
same areal density as the FMLs and subjected to similar global blast and local blast 
loading and the results are compared with the response of FMLs.  
 The last chapter discusses the conclusion derived from all the above mentioned 
studies and gives a direction for the future work. 
 
 
 
 
33 
 
 
 
 
Chapter 3 
 
 
 
 
 
 Composite failure 
 
 
Nomenclature 
 
 
 
 
 
 
 
 
 
 
 
3.1. Introduction 
 
In this chapter, failure inside composite material is explored in detail and is implemented in 
ABAQUS by using user defined subroutine VUDSFLD. Different possible failure mechanisms are 
discussed in detail. Two failure criteria are selected and numerical simulations are carried out 
for a plate made up of only composite material. VUDSFLD is used in these simulations and 
comparison has been made between the results with these two failure criteria which can 
ܧ Modulus of elasticity 
ܨଵ௧,ܨଶ௧  Tensile strength in wrap and fill directions 
ܨଵ௖ ,ܨଶ௖ Compressive strength in wrap and fill directions 
ܨଷ௧ Tensile strength in through thickness direction 
ܨଷ௖ 
Compressive strength in through thickness 
direction 
ܨ଺,ܨହ,ܨ଺ Shear strengths 
ܩ Shear modulus 
ܰݑ Poisson’s ratio 
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capture the ply failure for woven composites and the selection has been made for the further 
implementation to blast loaded FML panels. 
 
3.2. Failure mechanisms 
 
Composite materials undergo variety of failure mechanisms due to the complex nature of 
their constituents. These include fibre failure, matrix cracking, buckling and delamination. 
Therefore it can be concluded that composite in itself is a structure rather than a material 
(Orifici, 2008). Different failure mechanisms are explained below. 
 
 Fibre failure: Fibre failure mechanism is very easy to identify. Fibre failure occurs 
when applied loading exceeds the fracture strength of fibres. 
 Matrix cracking: This mode of failure occurs when the cracks develop between fibres 
within a layer. This failure mode is an intralaminar form of damage (Orifici, 2008). 
 Buckling: Bucking occurs under compression or shear loading. Bucking itself is not a 
failure but can promote other failures. 
 Delamination: Delamination is the separation of composite and metal and are caused 
by high through-thickness stresses and can lead to significant structural damage 
particularly in compression (Orifici, 2008). 
 
3.3. Damage characterisation 
 
Different approaches are used for characterisation of damage in composite material. In these 
approaches one damage parameter is monitored and observed in general. These approaches 
are mainly classified in two types.  
 
1) Theories of strength 
2) Theories of fracture mechanics 
 
The strength based approach is very simple, in which one or more strength criteria are defined 
and monitored. The material is assumed to have been damaged when these criteria are 
satisfied. These criteria can be single stress parameter limits, combinations of various stress 
terms or normalization of stress terms using structural or material value (Orifici, 2008). Strain, 
force, displacement or rotations are the other parameters which can be used for 
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characterization of damage. Strength based characterization of damage can define the 
damage initiation but it is not possible to monitor the progression of damage in the region 
which are already damaged and this is particularly important to problems involving 
delamination (Orifici, 2008). 
 
The fracture mechanics based theories were originally developed for analysing damage in 
metals. These theories are used to study the existing damage and therefore not relevant 
directly to composite damage but can be applied successfully to the problems involving 
delamination and debonding. In fracture mechanics theory, rate of strain energy is used to 
monitor the propagation of damage. 
 
3.4. Failure criteria 
 
 
The development of failure criteria for composite material is an active area of research for 
past couple of decades. These criteria can be classified in different ways for example whether 
the criteria use strength based approach or fracture mechanics based approach, whether the 
criteria predict failure or just a single mode of failure and whether the criteria focus on in-
plane or inter-laminar failure (Orifici, 2008). 
 
3.4.1. Fibre failure 
 
 
For composite material, fibre failure occurs when enough number of fibres fails and when 
there are not enough intact fibres remaining to carry the required loads. The usual approach 
in criteria predicating fibre failure is to apply maximum stress or maximum strain at each ply. 
But there are a few criteria such as Hashin (Hashin, 1980) which uses quadratic interaction 
criterion involving in-plane shear, Chang and Chang (Chang and Chang, 1987) which uses the 
same Hashin quadratic interaction criterion but incorporates nonlinear shear behaviour, and 
Puck (Puck and Schürmann, 2002) which uses maximum strain criterion with stress 
magnification factor applied to transverse normal stress (Orifici, 2008). Micro buckling and the 
formation of kink bands lead to fibre failure in compression. The common approach for fibre 
failure criteria in compression is mostly based on maximum stress or maximum strain by using 
limit values from experimental characterisation (Orifici, 2008). 
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3.4.2. Matrix failure 
 
Typically matrix cracking initiates at defects and fibre matrix interfaces and then gradually 
spreads. There are different approaches for predicating the initiation of matrix cracks and 
using fracture mechanics to predict the growth of existing cracks. For tension, a critical 
fracture plane in transverse direction is assumed and it involves an interaction between 
tensile normal and in-plane shear stresses. The simplest criteria are based on maximum stress 
or maximum strain. Hashin and Rotem (Hashin and Rotem, 1973) proposed a failure criteria 
with quadratic interactions. Further developments were made in these criteria such as 
including non-linear shear terms, in situ transverse tensile and shear strengths, incorporating 
crack density, the use of through-thickness shear and strength terms and the inclusion of 
fracture mechanics terms by considering cracked ply (Orifici, 2008). For compression, the 
criteria are very similar to failure in tension. The only difference is that in some cases critical 
fracture plane is not taken into consideration by some authors. Hashin and Rotem (Hashin and 
Rotem, 1973) proposed a simple quadratic interaction criterion by using the transverse 
normal and in-plane shear components (Orifici, 2008). Later on through-thickness strength 
was included in the formulation by Hashin  and Chang and Lessard (Hashin, 1980, Chang and 
Lessard, 1991).  On the other hand, Cuntze and Freund (Cuntze and Freund, 2004) uses only 
transverse normal strength, with a combination of several stress invariants (Orifici, 2008). 
 
3.4.3. Ply failure 
   
Different criteria have been proposed for ply failure and most of them do not consider the 
separate ply failure modes and predict the entire ply failure. The criteria introduced by Tsai 
and Wu (Tsai and Wu, 1971) considers all the strength data and creates a failure surface. Ply 
failure criteria are applied to the situation where delamination between the plies of the 
composite is ignored. 
 
3.4.4. Delamination failure 
 
Delamination failure occurs as a result of shear deformation between layers due to the 
presence of interlaminar shear stresses under transverse loading. On the other hand, the 
failure of matrix and fibre can contribute in delamination failure by inducing shear 
concentrations. Delamination can occur between the plies of composite or at metal composite 
interface. Like other failure criteria, delamination failure is based either on stress based 
37 
 
approach or fracture mechanics based approach. Delamination is usually predicated by using 
the stress value for an individual ply or interface element where as the growth of pre-existing 
delamination is based on fracture mechanics concepts of strain energy release rate, G , in 
crack growth, and combine the G components with the threshold  Gc toughness values in the 
mode I, II, III directions (Orifici, 2008). 
 
3.5. Study and application of selected failure criteria  
 
Following failure criteria are studied and applied to numerical simulations in ABAQUS by using 
user defined subroutine (VDUSFLD) in this report for textile composites (woven Figure 12). 
 
1) Tsai-Hill 
2) Tsai-Wu 
 
Figure 12: Lamina coordinates for Woven composite (Daniel, 2007) 
Based on the directions shown in Figure 12 (Direction 1-fill direction, Direction 2-warp 
direction and 3- through thickness direction), characteristic strengths are 
F1t, F1c, F2t, F2c=Tensile and compressive strengths along warp and fill directions 
F3t, F3c=tensile and compressive strength in the through thickness direction 
F12 or F6, F23 or F4, F13 or F5 =through thickness shear strengths 
 
3.5.1. Tsai-Hill Failure criterion for 3D 
 
The Tsai-Hill interactive failure criterion in three dimensions is given as (Daniel, 2007)  
 ߪଵଶ + ߪଶଶ
ܨଵ
ଶ + ൬ߪଷܨଷ൰ଶ + ߬ସଶ + ߬ହଶܨସଶ + ൬߬଺ܨ଺൰ଶ − 1ܨଵଶ (ߪଵߪଶ + ߪଶߪଷ + ߪଷߪଵ)= 1 (9) 
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where ܨଵ is either ܨଵ௧(ܨଵ௧ = ܨଶ௧)  or ܨଵ௖(ܨଵ௖ = ܨଶ௖)  and ܨଷ is equal to ܨଷ௧  or ܨଷ௖  depending 
upon the signs of ߪଵ,ߪଶ,ߪଷ. 
 
 Tsi-Hill criterion is an extension of von Mises’ yield criterion. The criterion appears to be much 
more applicable to failure of e-glass-epoxy composite material than either maximum stress 
criterion or maximum strain failure criterion. Considerable interaction exists between the 
failure strength exists in the Tsai-Hill failure criterion. (Jones, 1999) 
One field variable is required in this criterion to determine ply failure. For woven composite in 
3D the property degradation is as following: 
 
Table 5: Property degradation rules for woven composite 
 E1 E2 E3 Nu12 Nu13 Nu23 G12 G13 G23 FV 
No Failure 1x E1 1x E2 1x E3 1xNu12 1xNu13 1xNu23 1xG12 1xG13 1xG23 0 
Ply Failure 0.1 E1 0.1 E2 0.1 E3 0 0 0 0.1G12 0.1 G13 0.1 G23 1 
 
 
Once the criterion is met, the stiffness is reduced to 10% of the original values. 
3.5.2. Tsai-Wu Failure criterion for 3D 
 
The Tsai-Wu triaxial  interaction criterion is given as (Daniel, 2007)  
 
ଵ݂ߪଵ + ଶ݂ߪଶ + ଷ݂ߪଷ + ଵ݂ଵߪଵଶ + ଶ݂ଶߪଶଶ+ ଷ݂ଷߪଷଶ+ ସ݂ସ߬ସଶ+ ହ݂ହ߬ହଶ+ ଺݂଺߬଺ଶ+ 2 ଵ݂ଶߪଵߪଶ + 2 ଵ݂ଷߪଵߪଷ + 2 ଶ݂ଷߪଶߪଷ = 1 (10) 
 
ଵ݂ = 1ܨଵ௧ − 1ܨଵ௖   ଵ݂ଵ = 1ܨଵ௧ܨଵ௖ (11) 
 
ଶ݂ = 1ܨଶ௧ − 1ܨଶ௖   ଶ݂ଶ = 1ܨଶ௧ܨଶ௖ (12) 
 
ଷ݂ = 1ܨଷ௧ − 1ܨଷ௖   ଷ݂ଷ = 1ܨଷ௧ܨଷ௖ (13) 
 
ସ݂ସ = 1ܨସଶ  , ହ݂ହ = 1ܨହଶ  , ଺݂଺ = 1ܨ଺ଶ (14) 
 
ଵ݂ଷ = 12ඥ ଵ݂ଵ ଷ݂ଷ , ଵ݂ଶ = 12ඥ ଵ݂ଵ ଶ݂ଶ  , ଶ݂ଷ = 12ඥ ଶ݂ଶ ଷ݂ଷ  (15) 
 
Tsi-Wu postulated that a failure surface is six dimensional stress space exits in the form 
ܨ௜ߪ௜ + ܨ௜௝ߪ௜ߪ௝ = 1 (16) 
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The linear terms in stresses represent different strengths in tensions and compression. The 
terms that are quadratic in stresses representing an ellipsoid in stress space. Tsai-Wu failure 
criterion is more general than the Tsi-Hill failure criterion (Jones, 1999). 
 
One field variable is required in this criterion to determine ply failure. For woven composite in 
3D the property degradation is as following:  
 
Table 6: Property degradation rules for woven composite 
 E1 E2 E3 Nu12 Nu13 Nu23 G12 G13 G23 FV 
No Failure 1x E1 1x E2 1x E3 1xNu12 1xNu13 1xNu23 1xG12 1xG13 1xG23 0 
Ply Failure 0.1 E1 0.1 E2 0.1 E3 0 0 0 0.1G12 0.1 G13 0.1 G23 1 
 
Once the criterion is met, the stiffness is reduced to 10% of the original values. 
 
Stiffness degradation in ABAQUS 
 
 To study how the stiffness degradation affects the calculation of stresses in the composite in 
ABAQUS when the field variable in subroutine equals unity or in other words when ply failure 
occurs, analyse at different percentage reduction in stiffness are carried out i.e. 5%, 10%, 15%, 
20%, 25% and 30%.  For this purpose, a square plate made up of woven composite subjected 
to uniformly distributed blast loading is simulated in ABAQUS. The plot of stress history for a 
selected element in the model is shown in Figure 13 and Figure 14. When the analysis starts, 
the stresses are computed by the program based on the actual stiffness. Once the failure 
criterion is satisfied the stresses are dropped suddenly, as shown in the curves below, and the 
stresses are computed based on the reduce value of stiffness for the rest of the analysis. 
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Figure 13: Stress (S11) histories 
 
Figure 14: Stress (S22) histories 
 
3.6. Subroutine testing 
 
  
A plate 300 x 300 (mm) and 4 mm thick, made up of woven GFPP with material properties 
shown in Table 7 and is subjected to uniform blast loading shown in Figure 15 with Po=2.5MPa 
and loading duration equal to td=5msec. The properties of constituents (fibre, matrix) of 
composite are given in Table 8 and taken from (Soden et al., 1998). 
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Figure 15: Loading 
Table 7: Properties of woven composite (Karagiozova et al., 2010) 
Density 
(kg/m3) 
E11 
(GPa) 
E22 
(GPa) 
E33 
(GPa) 
ν12 ν13 ν23 G12 
(GPa) 
G13 
(GPa) 
G23 
(GPa) 
1800 13 13 4.8 0.1 0.3 0.3 1.72 1.72 1.69 
 
Table 8: Strengths of constituents of Composite (Soden et al., 1998) 
F1t (MPa) F1c (MPa) F2t (MPa) F2c (MPa) F5 or F6 (MPa) 
1104 570 35 114 72 
       
The user subroutine VDUSFLD is written for each of the above explained failure criteria and 
given in Appendix 1 of this document. The analyses are carried out in ABAQUS and results are 
shown in Figure 16 to Figure 25. 
 
3.7. Results and discussion 
3.7.1. Results using Tsai-Hill 
 
Results from the analysis ran with Tsai-Hill ply failure criterion are shown in Figure 16 to Figure 
20. As the analysis precedes the ply failure starts appearing along the edges. With time the ply 
failure propagates from edges towards central part of the panel. As the panel is made up of 
woven composite fibre, with fibres having equal strength in two planer directions of the 
panel, loading is uniformly distributed over the surface of the panel and the boundary 
conditions are same along the four edges therefore the anticipated failure pattern should be 
symmetrical along the two planer axes of the panel. But the results from Tsai-Hill are contrary 
to anticipated failure pattern. In Figure 19 at time 0.45ms, when the failure is propagating 
towards the central part of the panel, the criterion losses the symmetrical ply failure 
predication in the two planer axes of the panel. 
0
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Figure 16: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.25ms 
 
Figure 17: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.35ms 
 
Figure 18: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.4ms 
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Figure 19: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.45ms 
 
Figure 20: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.65ms 
 
3.7.2. Results using Tsai-Wu 
 
Results from the analysis ran with Tsai-Wu ply failure criterion are shown below from Figure 
21 and Figure 25. As the analysis proceeds the same pattern is observed in the beginning as 
was observed for Tsai-Hill. Ply failure starts appearing along the edges. With time the ply 
failure propagates from edges towards central part of the panel. As the panel is made up of 
woven composite fibre, with fibres having equal strength in two planer directions of the 
panel, loading is uniformly distributed over the surface of the panel and the boundary 
conditions are same along the four edges therefore the anticipated failure pattern should be 
symmetrical along the two planer axes of the panel. As the ply failure reaches towards the 
central part of the panel (Figure 23), it can be seen that the failure pattern predicated by Tsi-
Wu criterion is symmetrically distributed along the two planer axes of the panel and reaches 
at the centre of the panel from all four directions and hence the pattern of failure is very well 
defined. This can be attributed to extra terms in the predication equation and as already 
explained in the previous section that Tsai-Wu is the improved form of Tsi-Hill.  
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Figure 21: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.4ms 
 
 
Figure 22: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.45ms 
 
 
 
Figure 23: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.50ms 
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Figure 24: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.60ms 
 
 
 Figure 25: Displacements, Von Mises stress, Field Variable (Ply failure) @ 0.80ms 
 
3.8. Conclusions 
 
From the results it is concluded that 
 
 The deflections in both the models are nearly the same. 
  In Tsai-Wu, the failure is uniformly distributed as compared to Tsai-Hill and this 
conclusion is according to expectation because Tsai-Wu is an improvement to Tsai-Hill 
criterion with extra terms in the equation.  
 The ply failure started along all four boundaries (fixed boundaries) and eventually 
reaches the centre of the panel from all four sides. This is observed both in Tsai-Hill 
and Tsai-Wu. 
 For the same loading, material, boundary conditions and at the same increment, the 
predictions by two criteria are different. For example at 0.45msec, Tsai-Hill, predicts 
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ply failure along the edges and 25% of the elements indicate ply failure but no failure 
is predicted by Tsai-Wu. 
 Hence it is concluded that Tsai-Wu can capture the response better than Tsai-Hill and 
will be implemented in the next phase of the studies for FML panels subjected to blast 
loading. 
 
 
  
47 
 
 
 
 
Chapter 4 
 
 
 
 
 
Numerical study on FMLs subjected to global blast loading 
 
 
Nomenclature 
 
 
4.1. Introduction 
 
In this chapter, numerical simulations are carried out for FML subjected to blast loading 
uniformly distributed over the surface of the panel. Twelve models of FMLs subjected to 
global blast are simulated in ABAQUS and the results are compared with experimental results 
reported in (Langdon et al., 2008). A brief mesh sensitivity studies is carried out to select the 
ܣ௣௟௔௧௘  Area of the plate 
ܣ,ܤ,ܥ, ൬݀ߝ
݀ݐ
൰0 Material constants 
ܧ Modulus of elasticity 
ܩ Shear modulus 
ܩே,ܩௌ,ܩ்  Fracture energies in normal, first shear and second shear directions 
ܫ Impulse 
ܲ Applied pressure 
ݐௗ  Duration of loading 
ߩ Density 
ߪே ,ߪௌ,ߪ் Maximum normal stresses in normal, first shear and second shear 
directions respectively 
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mesh size appropriate for the problem under study. Different failure mechanism are 
indentified and compared with experimental results available in (Langdon et al., 2008).  
 
4.2. Modelling parameters 
 
 4.2.1. Panel architecture 
 
 The numerical studies presented here are based on experimental results on the response of 
FML panels subjected to uniformly distributed blast loading by Langdon et al. (Langdon et al., 
2008). The panels were made up of alternating layers of aluminium and glass/polypropylene 
fibres (GFPP or Twintex). The thickness of each sheet of aluminium was 0.6mm. Total of 36 
panels were tested. The number of aluminium sheets in the FML panel was varied from 2 to 5, 
and depending upon the configuration the number of GFPP piles per layer was varied from 1 
to 8. Here the same nomenclature is used as reported in (Langdon et al., 2008). The panels 
studied in this work are shown in Table 9. The notation used to identify the panels is AXTYZ 
where A=aluminium, X=number of Aluminium sheets, T=GFPP, Y=number of blocks of GFPP, 
Z= number of plies of GFPP per block. Manufacturing process for the panels is given in detail in 
(Langdon et al., 2008). The actual size of panels was 300 mm x 300 mm but clamping along the 
boundaries during the test left 200 mm x 200 mm of the area exposed to blast. The plate with 
applied loading is shown in Figure 26. 
 
 
Figure 26 : Typical FML panel subjected to uniformly distributed blast loading 
 
 
Table 9: Cross section characteristics of the FML panels 
Name 
  
A2T12     A2T14     A2T18     A3T21     A3T24     A4T32     A5T42   
x-Section  
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4.2.2. Material properties 
 
 4.2.2.1. Aluminium 
 
 Aluminium’s plastic constitutive behaviour is modelled using Johnson-cook material model, in 
which the flow stress is expressed as a function of equivalent plastic strain, strain rate and 
temperature (Johnson, 1983) and is given in (17)  
 ߪௗതതത = [ܣ + ܤ(ߝ௉തതത)௡] ൦1 + ܥ ln ൦ቀ݀ߝ̅݀ݐቁ௣
ቀ݀ߝ݀ݐቁ଴
൪൪ ൣ1 − ߠ෠௠൧ (17) 
 
The temperature effects are not taken into account here and hence ߠ෡௠ = 0. In (17), A, B, C, n 
and ቀ
ௗఌ
ௗ௧
ቁ
଴
are material constants given in Table 10. 
 
Table 10: Properties of Aluminium (Karagiozova et al., 2010) 
ρ,kg/m3 E , MPa A, MPa B , MPa n C ቀࢊࢿ
ࢊ࢚
ቁ
૙
,s-1 
2700 73400 85 325 0.4 0.001 0.0083 
 
4.2.2.2. GFPP (Twintex) 
 
The modelling is conducted on macro level and the different phases are homogenised by using 
the simple rule of mixtures and hence GFPP is modelled as orthotropic material. The same 
properties are used here in these studies as given in Karagiozova et al. (Karagiozova et al., 
2010) for simulating local blast on FMLs because the panels tested for uniformly loaded blast 
loading were exactly the same with respect to material and configuration to the one used in 
localised blast tests by Langdon el al. (Langdon et al., 2007b). The properties are given in Table 
11. 
 
Table 11: Properties of GFPP (Karagiozova et al., 2010) 
ρ,kg/m3 E11,MPa E22,MPa E33,MPa ν12 ν13 ν23 G12,MPa G13,MPa G23,MPa 
1800 13000 13000 4800 0.1 0.3 0.3 1720 1720 1690 
 
 
 
50 
 
4.3. Modelling debonding failure 
 
 The debonding between aluminium and GFPP layers is modelled by using cohesive elements 
available as a built-in capability  in ABAQUS/Explicit (Dassault Systemes Simulia Corp., 2009). 
There are two methods to model the debonding or delamination between the metal layer and 
the composite. One method is to model it with an additional layer made of continuum 
elements. This approach has been used for FML panels subjected to localised blast loading in 
(Karagiozova et al., 2010). This layer, so called ‘cohesive layer’, is very thin and models the 
debonding between the metal and composite layer. The second method is to model it by 
using interactions between the two surfaces also called cohesive interactions. The former 
approach is used in this part of the work. The thickness of 50μm is used for cohesive layer.  
The cohesive behaviour is modelled by direct traction-separation law.  The beginning of 
debonding is based on stress-based quadratic criterion.  
 
 {ߪ௡ ߪே⁄ }ଶ + {ߪ௦ ߪௌ⁄ }ଶ + {ߪ௧ ߪ்⁄ }ଶ = 1 (18) 
 
where ߪ௡, ߪ௦, ߪ௧ are the current stresses in the normal, first and second shear directions 
respectively, and ߪே, ߪௌ, ߪ் are maximum nominal stresses in the normal mode, first shear 
direction and second shear direction, respectively. Damage is assumed to initiate when (18) is 
satisfied (Karagiozova et al., 2010) and the evolution of damage is computed by energy 
dissipation as work expended in separation during the debonding process. The mixed mode 
behaviour is defined by power law (19) with value of the exponent equal to 1. The damage 
evolution law describes the rate at which the material stiffness is degraded once the initiation 
criterion is reached. As already mentioned the damage evolution is defined based on energy 
that is dissipated as a result of the damage process and is called fracture energy. This fracture 
energy is equal to the area under the traction-separation curve shown in Figure 27. 
 
Figure 27 : Linear damage evolution (Orifici, 2008) 
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The power law criterion used here states that failure under mixed-mode condition is governed 
by a power law interaction of the energies required to cause failure in the individual (normal 
and two shear) modes and is given in (19). 
 
 {ܩ௡ ܩே⁄ } + {ܩ௦ ܩௌ⁄ } + {ܩ௧ ܩ்⁄ } = 1 (19) 
  
where ܩ௡, ܩ௦ and ܩ௧  are the amounts of work done by the traction and its conjugate relative 
displacement in the normal direction, first and second shear directions, respectively. 
Similarly ܩே, ܩௌ and ܩ் are the fracture energies in the normal, first shear and second shear 
directions respectively. The mixed mode bi-linear traction separation law is shown in Figure 
28. 
 
 
Figure 28: Mixed-mode bi-linear traction-separation law (Khoramishad et al., 2011) 
 
Table 12: Properties of Cohesive interaction (Karagiozova et al., 2010) 
Elastic 
Properties 
  Damage 
initiation 
  Damage 
evolution 
  
E11 , GPa G12 , GPa G13 , GPa σN ,MPa σS,MPa σT,,MPa GN , Jm
-2
 GS , Jm
-2
 GT , Jm
-2
 
2.05 0.72 0.72 140 300 300 2000 3000 3000 
 
4.4. Modelling Ply failure 
    
 The ply failure inside the composite is modelled by using user defined subroutine (VDUSFLD) 
compiled in FORTRAN and implemented in ABAQUS. Tsai-Wu interaction failure criterion is 
used in the present study.  
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Figure 29: Lamina Coordinates for woven composites (Daniel, 2007) 
 
Based on the directions shown in Figure 29, the characteristic strengths are 
F1t, F1c, F2t, F2c = Tensile and compressive strengths along the 1 and 2 directions 
F3t, F3c = Tensile and compressive strengths in through-thickness directions 
F12 or F6, F23 or F4, F13 or F5 = Through Thickness shear strengths  
 The Tsai-Wu interaction criterion for 3D woven composite is given as (Daniel, 2007) 
 
 ଵ݂ߪଵ + ଶ݂ߪଶ + ଷ݂ߪଷ + ଵ݂ଵߪଵଶ + ଶ݂ଶߪଶଶ + ଷ݂ଷߪଷଶ + ସ݂ସ߬ସଶ + ହ݂ହ߬ହଶ+ ଺݂଺߬଺ଶ + 2 ଵ݂ଶߪଵߪଶ + 2 ଵ݂ଷߪଵߪଷ + 2 ଶ݂ଷߪଶߪଷ = 1 (20) 
 
where  
 ଵ݂ = 1ܨଵ௧ − 1ܨଵ௖   (21) 
 ଵ݂ଵ = 1ܨଵ௧ܨଵ௖  (22) 
 ଶ݂ = 1ܨଶ௧ − 1ܨଶ௖   (23) 
 ଶ݂ଶ = 1ܨଶ௧ܨଶ௖ (24) 
 
 
ଷ݂ = 1ܨଷ௧ − 1ܨଷ௖  (25) 
 ଷ݂ଷ = 1ܨଷ௧ܨଷ௖ (26) 
 ସ݂ସ = 1ܨସଶ (27) 
 ହ݂ହ = 1ܨହଶ (28) 
 ଺݂଺ = 1ܨ଺ଶ (29) 
 ଵ݂ଷ ≅
12ඥ ଵ݂ଵ ଷ݂ଷ (30) 
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 ଵ݂ଶ ≅
12ඥ ଵ݂ଵ ଶ݂ଶ (31) 
 ଶ݂ଷ ≅
12ඥ ଶ݂ଶ ଷ݂ଷ (32) 
Upon failure property degradation is implied in the simulations which are given in Table 13. 
 
Table 13: Property degradation rule 
 E1 E2 E3 Nu12 Nu13 Nu23 G12 G13 G23 FV 
No Failure E1 E2 E3 Nu12 Nu13 Nu23 G12 G13 G23 0 
Ply failure 0.3E1 0.3E2 0.3E3 0 0 0 0.3G12 0.3G13 0.3G23 1 
 
4.5. Loading 
 
The blast pressure is assumed to act uniformly over the exposed area of the plate. In the 
experiments reported in (Langdon et al., 2008), the impulse was determined from the swing 
of the pendulum. In these simulations the blast pressure is calculated as following 
 
 ܲ(̅ݔ, ݐ) = ݍ(̅ݔ).݃(ݐ) (33) 
 ܫ = න න ݍ(ݔଵ, ݔଶ).݃(ݐ).݀ܣ݀ݐ௧್೗ೌೞ೟
଴
஺
଴
 (34) 
 
where  ܫ is measured impulse and  ݍ(ݔଵ, ݔଶ) is the blast pressure as a function of plate 
dimensions which is invariant to ݔଵ and ݔଶ in this case. Based on (Olson et al., 1993, Balden 
and Nurick, 2005, Chung Kim Yuen and Nurick, 2005) it is assumed that the pressure remains 
constant during the blast loading and hence temporal variation ݃(ݐ) is given by (35) 
 
 ݃(ݐ) = ܪ(ݐௗ − ݐ) (35) 
 
where ܪ denotes Heaviside step function. The duration of blast is varied for different charge 
sizes. It is anticipated that larger charge sizes takes more time to burn than smaller charge 
sizes. Therefore the duration of loading is varied from 0.15msec to 0.3msec. Linear variation is 
assumed for loading duration for 10.3Ns to 48.6 Ns from 0.15msec to 0.3 msec. The pressure 
is calculated from the impulse, load duration and the exposed area of the plate by using (36) 
 
 ܫ = ܲܣ௣௟௔௧௘ݐ௕௟௔௦௧ (36) 
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4.6. Meshing technique 
 
Full plate was modelled with fixed support along the four edges. The panel consisting of 
aluminium and GFPP was divided into 4 mm square 8 node solid elements (C3D8R). In 
thickness direction the GFPP was divided in such a way to get the thickness of the element 
equal to the thickness of GFPP ply (which is equal to 0.5mm) whereas aluminium was divided 
into two elements per layer in thickness direction. Cohesive layer with the thickness of 50μm 
is inserted between the layer of aluminium and GFPP and meshed by using 8-node cohesive 
element (COH3D8) available in ABAQUS/Explicit (Dassault Systemes Simulia Corp., 2009). The 
HPC (High performance computing) facility available in Imperial College London is used to 
carry out the numerical simulations.  A typical numerical model for A4T32 is shown in Figure 
30. 
 
 
Figure 30: Meshing scheme used in simulations  
 
4.7. Mesh sensitivity Analyses 
 
A very brief mesh convergence study is carried out to make sure that the mesh size used in 
the analyses is appropriate.  Fourteen models were analyzed for four panels, with different 
mesh sizes with 1mm being the finest mesh and 4 mm being the coarsest mesh. The 
displacements for front face and back face are given in Table 14. In Table 14 ܯ݅ denotes the 
model with an element size of  ݅ mm. The finest mesh gave different displacement to coarser 
meshes. But the difference between the last two mesh sizes (1 and 2 mm) is deemed 
negligible. The difference is prominent for back face displacement (Figure 34) which is due to 
the fact that for fine meshes the debonding is also observed near the edges which reduces the 
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displacement concentration in the central zone of the panel. Only 2 models with 3 layers were 
analyzed for M1, because for thick panels with 1mm mesh size, even supercomputer facilities 
available at Imperial College (HPC) could not run the analyses and exited with errors because 
of the huge number of elements in the model. It is important to mention that finer meshes 
also gave more realistic results in terms of local pitting and buckling of the aluminium plate 
(Figure 39) but because of computational constraints it is very costly to use the 1mm mesh for 
all the models because the number of elements in the model becomes very high. The 2mm 
mesh size will be logically used hereafter which gives good correlations in terms of front and 
black plate maximum and permanent displacements. The correlation for other cases is weaker 
when we look into residual (permanent) deflection. Nonetheless; as the most important 
parameter is blast resistant analysis/design is the maximum displacement (back and front 
faces) the correlation for this parameter shows very little sensitivity to mesh size and the 4mm 
mesh size is used throughout. The displacements histories of front and back face for all 
models are given in Figure 31  to Figure 38. 
 
Figure 31: Displacements Histories, Front face (A2T14, I=12.8Ns) 
 
Figure 32: Displacements Histories, Back face (A2T14, I=12.8Ns) 
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Figure 33: Displacements Histories, Front face (A2T18, I=48.6Ns) 
 
Figure 34: Displacements Histories, Back face (A2T18, I=48.6Ns) 
 
Figure 35: Displacements Histories, Front face (A3T22, I=33.4Ns) 
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Figure 36: Displacements Histories, Back face (A3T22, I=33.4Ns) 
 
 
Figure 37: Displacements Histories, Front face (A3T24, I=41.4Ns) 
 
Figure 38: Displacements Histories, Back face (A3T24, I=41.4Ns) 
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Figure 39: Deformed shape with finer mesh of 2mm (Rear face) 
 
Table 14: Front face and back face displacements for different mesh sizes 
Model 
ID 
Mesh Size 
M1 M2 M3 M4 
df (mm) db(mm) df(mm) db(mm) df(mm) db(mm) df(mm) db(mm) 
A2T14 14.4 16.9 14.4 17.6 14.5 16.2 14.6 16.9 
A2T18 14.9 18.8 14.9 20.6 15.0 21.5 15.7 21.9 
A3T22 - - 19.0 28.8 18.8 28.7 20.1 27.8 
A3T24 - - 17.5 26.6 17.4 25.6 18.6 27.8 
 
4.8. Results and discussion 
 
An acceptable correlation with experimental results is obtained in terms of different failure 
mechanisms especially in terms of front face and back face displacements. These mechanisms 
are discussed below. 
4.8.1. Front face damage 
 
In the experimental results (Langdon et al., 2008), it is reported  that front face undergoes 
through pitting and small buckling. The same results are obtained from the numerical 
simulations. These pitting-struck areas are very small in comparison to the local pitting of the 
front face observed in local blast loading experiments in (Langdon et al., 2007b, Lemanski et 
al., 2007a). It is important to mention that local pitting on front plate has no particular 
pattern. 
4.8.2. Back face damage 
 
In all panels the back face behaved plastically subsequent to debonding from the adjacent 
composite layer. For the panel with the same number of aluminium and composite layers, at 
smaller impulses the back plate damage is small but as the impulse increases the damage also 
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increases gradually with a linear variation. This has also been shown in experimental results in 
(Langdon et al., 2008). 
4.8.3. Front and back plate displacements 
 
A reasonably good correlation between numerical and experimental results for front and back 
plate displacements is obtained as shown in Table 15. 
 
Table 15: Experimental displacements vs. Numerical displacements 
Panel ID Impulse(NS) db(Exp.)(mm) db(Num.) (mm) df(Exp.)(mm) df(Num.)(mm) 
A2T12 10.3 22.9 24.7 19.3 18.9 
A2T14 12.8 16.9 16.9 14.4 14.6 
A2T18 48.6 21.7 21.9 17.3 15.7 
A3T21 12.5 18.1 20.7 16.8 20.6 
A3T22 33.4 25.4 27.8 22.9 20.1 
A3T24 24.6 14.8 15.6 12.4 14.7 
A3T24 31.4 18.3 21.1 16.4 16.3 
A3T24 41.4 25.4 27.8 18.3 18.6 
A4T32 31.9 18.1 16.8 17.1 16.6 
A4T32 42.2 21.7 24.6 19.7 21.7 
A4T32 56.4 28.1 29.9 25.2 21.5 
A5T42 39.5 13.3 14.4 14.3 14.3 
 
4.8.4. Debonding of the back plate 
 
Debonding of the back plate is the most common mode of failure in FML panels subjected to 
blast loading. Debonding of the back plate for global blast loading is observed for all the 
panels. Once the back plate is debonded it behaves like a separate aluminium plate. This is an 
issue when a reduction in back face signature (BFS) is important. Debounding occurs when the 
compressive wave reaches to the back plate and is reflected as a tensile wave. This usually 
occurs in microseconds and is generally termed the “early time response” or “scabbing”. A 
debonded back plate for A3T24 is shown in Figure 40 and Figure 37, when the panel is 
subjected to 31.4Ns and A2T14 for 12.8Ns. 
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          Figure 40: A3T24 (31.4Ns)                          
                                                                                      
 
                                                                           Figure 41: A2T14 (12.8Ns) 
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Figure 42: Displacement (A2T12, Impulse=10.3Ns) 
 
Figure 43: Displacement (A2T14, Impulse=12.8Ns) 
                 
Figure 44: Displacement (A2T18, Impulse=48.6Ns) 
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Figure 45: Displacement (A3T24, Impulse=24.6Ns) 
                  
Figure 46: Displacement (A3T24, Impulse=41.4) 
 
Figure 47: Displacement (A4T32, Impulse=42.2) 
 
4.8.5. Ply failure  
   
For most of the panels, ply failure is observed along the boundaries. This ply failure is 
captured by running the models with VDUSFLD compiled in FORTRAN. Tsai-Wu failure 
criterion is applied in these analyses. The details of the criterion are given in Chapter 3.  It has 
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been observed that for relatively thick panels with higher load and hence subject to higher 
impulse suffered ply failure which is more prominent along the four boundaries and gradually 
disappears towards the central part of the panel. Panels with ply damage along the 
boundaries suffered more debonding of the back plate from the composite then the panels 
with lesser ply damage. When the load is applied on the panel, at each step (20) is checked 
and if the summation is equal to 1, the ply failure flag is activated which is shown in the Figure 
48 to Figure 51. In these figures, the elements which are red in colour indicate the parts 
undergone ply failure. 
 
 
Figure 48: Panel ID-A4T32 I=42.2 Ns 
                                                     
Figure 49: Panel ID-A3T24 I=31.4 Ns 
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Figure 50: Panel ID-A3T24 I=41.4Ns     
      
Figure 51: Panel ID-A3T32 I=56.4Ns 
 
4.9. Conclusions 
 
The results can be concluded as following: 
 
 Small local pitting is observed in the front face of the panel. But these areas are small 
and do not have a regular pattern. 
65 
 
 Back face debonding is observed in all the panels regardless of the thickness and 
number of layers. For small impulses this damage is low and as the impulse increases, 
the back face also becomes more prominent.  
 All the models were simulated by implementing VDUSFLD with Tsi-Wu ply failure 
criterion. The damage is observed along the boundaries of the panels which are 
subjected to higher impulses. It has been observed that the panel with more ply 
damage undergo more debonding of the back plat from rest of the panel. 
 A good correlation of the front and back face displacements are found in all the 
models. 
 Good correlation of numerical simulations with experimental results is obtained and 
therefore one can say that it is possible and more economically viable to use 
computer simulations to study the behaviour of fibre metal laminates. 
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Chapter 5 
 
 
 
 
 
Numerical study on FMLs subjected to local blast loading 
 
 
Nomenclature 
 
 
5.1. Introduction  
 
This chapter consists of numerical simulations on FML panels subjected to localised blast 
loading by using finite element package ABAQUS/CAE 6.9-1 (Dassault Systemes Simulia Corp., 
ܣ௣௟௔௧௘  Area of the plate 
ܣ,ܤ,ܥ, ̇ߝ0 Material constants 
ܧ Modulus of Elasticity 
ܩ Shear modulus 
ܩே,ܩௌ,ܩ்  Fracture energies in normal, first shear and second shear directions 
ܫ Impulse 
݇ Loading parameter 
௢ܲ Applied pressure 
ݎ௢ Radius of the uniformly loaded area 
ݎ௕ Outer radius of the loaded area 
ݐௗ  Duration of loading 
ߩ Density 
ߪே ,ߪௌ,ߪ் Maximum normal stresses in normal, first shear and second shear 
directions respectively 
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2009). The numerical analysis is based on the experimental results reported in (Langdon et al., 
2007b, Langdon et al., 2007c, Lemanski et al., 2007a). Sixteen models were simulated in 
ABAQUS and the results were compared with experiments. These panels were made up of 
different configurations by varying layers of aluminium and GFPP. Panel thickness was varied 
from 2.3 mm to 14.3 mm. Different failure mechanisms are identified and compared with the 
experimentally observed mechanism.  
 
5.2. Geometry of the panel 
 
The panels were made up of 0.6 mm aluminium alloy grade 2024-0 and a composite GFPP 
consisting of different number of layers of woven glass fibres (Twintex). The thickness of each 
glass fibre ply is 0.55mm. The exposed area of the panel was 300 x 300 mm. Details of 
manufacturing of the panels is given in (Langdon et al., 2007b). The notation used  to identify 
the panels is AXTYZ (Langdon et al., 2007b) where A=Aluminium, X=no of aluminium sheets, 
T=GFPP, Y=number of blocks of GFPP, Z=no of plies of GFPP per block. In this report, the 
results of analyses for 16 models have been presented. Aluminium layers were varied from 2 
to 5 while GFPP layers were varied from 1 to 4. In between this classification, thickness of 
GFPP layer is varied from 2 piles to 8 plies. The summery of the models is shown in the Table 
16. 
 
Table 16: Thickness of each Panel 
Name A2T14 A2T16 A2T18 A3T24 A3T26 A3T28 A4T34 A4T36 A4T38 A5T42 
Thickness(mm) 3.4 4.5 5.6 6.2 8.4 10.6 9 12.3 15.6 7.4 
 
5.3. Material properties 
 
5.3.1. Metal (Aluminium) 
 
Johnson-Cook material model is used for aluminium but no temperature effects are 
considered. The equation for Johnson-Cook (Johnson, 1983) material model is given in (37) 
 
 ߪ଴ = (ܣ + ܤߝ̅௡) ቈ1 − ܥ݈݊( ߝ̅̇
ߝ଴̇
)቉ (37) 
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where  εത and εത̇ are the equivalent strain and strain rate, A, B, C, n and ε̇଴ are material 
constants. The properties are taken from (Karagiozova et al., 2010) and are given in Table 17. 
 
Table 17: Properties of Aluminium (Karagiozova et al., 2010) 
Density(kg/m3) E(GPa) A(MPa) B(MPa) n C ߝ଴̇(s
-1) 
2700 73.4 85 325 0.4 0.001 0.0083 
 
5.3.2. Composite (GFPP or Twintex) 
 
An elastic orthotropic material model is used for GFPP.  The properties of composite materials 
are taken from (Karagiozova et al., 2010) and given in Table 18. 
 
Table 18: Properties of GFPP (Karagiozova et al., 2010) 
Density 
(kg/m3) 
E11(GPa) E22(GPa) E33(GPa) ν12 ν13 ν23 G12(GPa) G13(GPa) G23(GPa) 
1800 13 13 4.8 0.1 0.3 0.3 1.72 1.72 1.69 
 
5.4. Loading 
 
The panels are subjected to localized blast loading applied at the centre of the panel. The 
sides of the panels are assumed to have fixed boundary conditions along all the four sides. For 
the sake of simplicity, one quarter of the panel has been modelled. The load is applied at the 
centre of the panel. As the loading has temporal as well as spatial variation and which is not 
available in ABAQUS/CAE 6.9-1, therefore a user defined subroutine VDLOAD has been written 
which is included in APPENDIX 1 of this report. Temporal and spatial variation for the local 
blast has been taken from (Karagiozova et al., 2010) and is shown in (38) and (39). 
 
 ݌ଵ(ݎ) = ൝ ܲ݋          ݎ ≤ ݎ݋ܲ݋݁ି௞(௥ି௥௢)    ݎ݋ < ݎ ≤ ݎܾ0              ݎ > ݎܾ     (38) 
 
 ݌ଶ(ݐ) = ݁(ିଶ௧௧೚ ) (39) 
 
 ܲ(ݎ, ݐ) = ݌ଵ(ݎ)݌ଶ(ݐ) (40) 
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In all the models, k=114 and to=0.008ms. These values are taken from (Karagiozova et al., 
2010). The pulse shape used for all the models is shown in Figure 52. 
 
Figure 52: Pulse shape 
 
The temporal variation is also shown in Figure 53. 
 
 
Figure 53: Spatial variation of local blast loading 
 
5.5. Modelling debonding failure 
 
Different modes of failure are observed when the panels made up of layers of aluminium with 
GFPP layer in between them is subjected to local blast loading as explained in two part paper 
by Langdon et al. in (Langdon et al., 2007a, Lemanski et al., 2007a). Among these failures, 
debonding between the layer of aluminium and GFPP was very common. The experimental 
results were then simulated numerically by Karagiozova et al. (Karagiozova et al., 2010) where 
debonding is modelled by using 8-node cohesive element with thickness of 50μm. In this part 
of work, instead of using cohesive element, a slightly different approach is used where 
debonding has been modelled by using cohesive interactions by implementing contact 
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between aluminium and GFPP in ABAQUS. Using cohesive interactions instead of cohesive 
element reduces the complexity of FE model and also the time of analyses. For initiation of 
damage, stress-based quadratic criterion is used. The criterion is given in (41). 
 
 
൬
ߪ௡
ߪே
൰
ଶ + ൬ߪ௦
ߪௌ
൰
ଶ + ൬ߪ௧
ߪ்
൰
ଶ = 1 (41) 
 
where ߪ௡ is normal stress at the interface and ߪ௦  and ߪ௧  are shear stresses in first and second 
shear directions and ߪே ,ߪௌ ,ߪ் are strengths in corresponding directions. Energy based 
damage evolution criterion is used. Damage initiates when the function given in (41) becomes 
equal to one. For damage evolution, linear interaction criterion given in (42) and taken from 
(Karagiozova et al., 2010) is used. 
 
 
൬
ܩ௡
ܩே
൰ + ൬ܩ௦
ܩௌ
൰ + ൬ܩ௧
ܩ்
൰ = 1 (42) 
 
where ܩ௡, ܩ௦ and ܩ௧  are the work done in the normal, first and second shear direction 
respectively and ܩே, ܩௌ and ܩ்  are the corresponding fracture energies. The input 
parameters for cohesive interaction are given in Table 19. 
 
Table 19: Properties of Cohesive interaction (Karagiozova et al., 2010) 
Elastic 
Properties 
  Damage 
initiation 
  Damage 
evolution 
  
E11 , GPa G12 , GPa G13 , GPa σN ,MPa σS,MPa σT,,MPa GN , Jm
-2
 GS , Jm
-2
 GT , Jm
-2
 
2.05 0.72 0.72 140 300 300 2000 3000 3000 
 
5.6. Meshing technique 
 
As already stated, due to the symmetry, one quarter of the panel is modelled. The 3D model 
of the panel is created consisting of aluminium and GFPP layers by using 8-node solid 
elements (C3D8R). In the centre of the panel with area of 30 x 30mm, a refine mesh is used as 
shown in the Figure 55. In the through-thickness direction, the dimension of the element for 
GFPP is kept equal to 1.1 mm.  
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Figure 54: One quarter of the Panel (A2T14) 
 
 
Figure 55: FE model of an FML panel 
 
5.7. Cohesive element vs. cohesive interaction 
 
To model debonding between metal and the composite, there are two approaches available in 
ABAQUS. The main features of cohesive element and cohesive surface interaction are 
discussed in this section and then numerical examples have been presented to compare the 
results obtained from two approaches. 
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5.7.1. Cohesive element 
  
Cohesive element is used to model the behaviour of adhesive joints, interfaces in composites, 
and other situations where the integrity and strength of interfaces may be of interest. The 
constitutive response of these elements depends on the specific application and is based on 
certain assumptions about the deformation and stress states that are appropriate for each 
application area (Simulia, 2008). In case of modelling cohesive zone between the metal and 
composite in FML panels, traction-separation is used to describe the interface. The use of 
traction-separation based cohesive element is recommended when it is very thin and for all 
practical purposes may be considered to be of zero thickness. In these cases the macroscopic 
material properties are not relevant directly and therefore fracture mechanics is used instead 
to compute the amount of energy required to create new surfaces. The cohesive element 
models the initial loading, the initiation of damage, and the propagation of damage leading to 
eventual failure at the bounded interface. In three-dimensional problems, such as the 
problem under study, the traction-separation-based model assumes three components of 
separation in which one is normal to the interface and two parallel to it and the corresponding 
stress components are assumed to be active at a material point (Simulia, 2008). The 
connectivity of cohesive element is like that of continuum element but it is useful to think of 
cohesive elements as being composed of two faces separated by a thickness. The relative 
motion of the two faces measured along the thickness direction represents opening or closing 
of the interface. 
 
5.7.2. Cohesive interaction 
     
The use of cohesive interaction is very similar to cohesive element. Traction-separation 
behaviour can be used to define the cohesive surface interaction. The behaviour offers 
capabilities that are very similar to cohesive elements that are defined using traction-
separation law. Surface-based cohesive behaviour is typically easier to define and allows 
simulations of a wider range of cohesive interactions, such as two ‘’sticky’’ surfaces coming 
into contact during an analysis. Surface-based cohesive behaviour is primarily intended for 
situations in which the interface thickness is negligibly small. Cohesive behaviour is defined as 
part of the surface interaction properties that are assigned to the applicable surfaces. Like 
cohesive element, the failure mechanism consists of two ingredients i.e. a damage initiation 
criterion and a damage evolution law. The initial response is assumed to be linear. Once a 
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damage initiation criterion is met, damage can occur according to specified damage evolution 
law (Simulia, 2008).   
 
5.7.3. Numerical examples 
 
For the sake of completeness four finite element models for panels A2T14 and A3T24 are 
setup, out of which two are with cohesive element and other two are with cohesive 
interactions and are subjected to same loading. Based on the implementation of both 
approaches in ABAQUS, using cohesive interaction in lieu of cohesive element gives the same 
result and also reduces the time of the analysis. The displacement and the debonding pattern 
are same in both models. These results are very obvious because ABAQUS uses the same 
formulation for computation of damage initiation and damage evolution for both cohesive 
element and cohesive interaction. The usage of cohesive interaction over cohesive element is 
preferable in the cases when the thickness of the layer between the two layers in negligible. 
The displacements comparison is shown in Table 21. 
 
Table 20: Comparison of displacements with cohesive element and cohesive interaction 
Approach Front face displacement(mm) Back face displacement(mm) 
A2T14   
With cohesive element 12.7 30.7 
With cohesive interaction 13.4 31.5 
A3T24   
With cohesive element 11.6 28.4 
With cohesive interaction 12.3 29.7 
 
5.8. Results and discussions 
 
As reported in the experimental results in the two part paper (Langdon et al., 2007a, Lemanski 
et al., 2007a), three failure modes were identified which are 
 
1) Mode I failure: Large inelastic deformation of the back face of the panel 
2) Mode II failure: complete tearing of the back face. 
3) Mode II*: Transition between mode I and mode II 
 
Numerical simulations were carried out for 16 models comprising different numbers of 
aluminium and GFPP. A good correlation between numerical and experiment results was 
obtained for front plate and back plate displacements.  
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5.8.1. Front face damage 
 
From the experimental results (Langdon et al., 2007a, Lemanski et al., 2007a), the front face 
damage was divided into two types 
 
 Local pitting/ crater formation due to the explosive detonation 
 Global displacement of the face due to the impulse 
 
It was concluded from the experiments that relatively thin panels (Panels with total number of 
layers from 5 to 15) exhibited localised pitting at the centre of the face and relatively large 
global displacement. The same conclusion can be derived from the results of numerical 
simulation Figure 56. The difference between the front face and back face displacements are 
also smaller as compared to panels with more than 15 layers and this is evident for panel 
A2T14-2 for which the front face displacement is 17.8 mm and the back face displacement is 
23.4 mm. 
 
In relatively thick panels (panels with more than 15 layers), the dominant mode of failure for 
the front plate is buckling and the global deflection is smaller. 
 
 
Figure 56: Deformed Panel A2T14-2 (I=5.89Ns) 
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5.8.2. Back face damage 
  
The common mode of failure for back face is debonding of aluminium from GFPP layer and 
this has been observed in the experiments and also shown with FE model. In the FE 
simulations only those models which experienced mode I failure in the test were selected. The 
same panel configuration with lower impulse showed back face debonding and hence mode I 
failure. As the impulse was increased, ruptures of the back plate were observed and the 
impulse at the boundary between mode I and mode II failure was called threshold impulse 
(Lemanski et al., 2007b, Langdon et al., 2007a). For the same impulse and same number of 
layers of aluminium and GFPP but different thickness of composite, the front and back face 
displacements are higher in the panels with a fewer number of plies as compared to the one 
with larger number of plies and hence thicker layer of GFPP. This was evident in experiments 
as well as in FE model. In the numerical model, it was observed that in thinner panels, the 
debonding region was concentrated under the constant loaded area as shown in Figure 57 
where as in thicker panels the debonding area was extended to rb with some local debonding 
in the middle layers beyond the loaded area as shown in Figure 58 . 
 
 
Figure 57: Debonding in Thin Panel 
Constant 
pressure area 
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Figure 58 :  Debonding in thicker Panel 
 
5.8.3. Debonding 
  
Deboning is observed in all numerical models however the length and pattern of debonding 
depends upon the number of layers in the model. In models with smaller number of layers, 
the debonded area was restricted to the constant loading part of the panel. In thick panels, 
the debonding was observed between the back plate and GFPP layer and this debonding was 
extended to whole loaded area. Some debonding in the internal layers was observed beyond 
the loaded area as shown in Figure 59.  
 
Loaded Area 
rb=60mm 
Small debonding 
beyond loaded 
area 
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Figure 59 : Debonding in internal layers (A4T36-2) 
 
5.8.4.  Velocity distribution through the thickness 
 
The velocity distributions for same impulse (I=9.06Ns) for a typically panel with four layers of 
aluminium and three layers of GFPP with different number of plies are shown in Figure 60, 
Figure 61, Figure 62. For same number of layers of aluminium and GFPP under the same 
impulse but different number of GFPP plies in each block debonds at different times as is clear 
from the velocity distributions through the thickness of A4T34, A4T36, and A4T38 in Figure 63. 
It can be observed that maximum velocities in the first three layers of aluminium are 
approximately equal whereas the velocity of the back face at the onset of debonding is very 
high as compared to the maximum velocity in the front aluminium layer. In Figure 63 back 
face velocities are plotted for three panels and it is quite clear from the plot that under the 
same loading, the back face debonds at different times and at different maximum velocities. 
Hence it can be concluded that the velocity at debonding depends upon the geometry of the 
panel in through-thickness direction. 
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Figure 60: Resulting Velocities due to localised pressure pulse (A4T34, I=9.06Ns) 
 
Figure 61: Resulting Velocities due to localised pressure pulse (A4T36, I=9.06Ns) 
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Figure 62: Resulting Velocities due to localised pressure pulse (A4T38, I=9.06Ns) 
 
Figure 63: Comparison of Velocities in the back plate for A4T34, A4T46, and A4T38 
 
5.8.5. Front and back plate displacements: Experimental Vs Numerical 
 
The comparison of the numerical and experimental results is presented in the Table 21. As 
already mentioned in the start of this section, numerical simulation for 16 models was carried 
out and good correlation with experimental results was obtained except for front face 
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results can be accepted with the fact that simulating the models subjected to blast loading in 
ABAQUS/Explicit ignores fluid structure interaction and which could have a profound 
influence on results and can only be incorporated in AUTODYN, an explicit code for modelling 
non-linear dynamic behaviour of solids, liquids and gases. 
 
Table 21: Comparison of numerical and Experimental displacements of front face and back face 
Panel ID Mass of PE4(g) Panel mass(kg) Impulse(Ns) db(Exp.) db(Num.) df(Exp.) df(Num.) 
A2T14-2 2.3 1.02 5.89 23.4 21.0 17.8 15.8 
A2T18-4 2.8 1.46 7.94 16.3 17.6 9.1 9.1 
A3T24-8 3.0 1.74 7.85 19.3 17.9 10.1 9.9 
A3T26-3 4.0 2.21 9.54 23.7 24.2 7.2 8.0 
A4T38-2 5.0 3.83 11.13 20.7 20.0 4.3 3.1 
A4T38-5 7.0 3.83 16.09 24.0 27.3 2.8 3.8 
A4T38-3 9.0 3.83 20.65 26.4 29.5 4.8 4.4 
A4T38-4 11.0 3.84 24.49 30.9 29.5 4.50 4.2 
A4T36-3 8.0 3.45 17.83 32.1 34.4 7.9 4.8 
A4T36-5 7.0 3.45 17.25 30.0 33.5 5.9 4.7 
A4T36-1 6.0 3.45 13.7 25.6 27.0 4.7 4.3 
A4T36-2 5.0 3.45 11.61 22.6 30.3 5.4 4.6 
A4T34-5 3.0 2.55 7.01 14.0 19.9 7.6 5.2 
A4T34-1 4.0 2.56 9.72 25.3 26.1 7.9 6.1 
A4T34-3 5.0 2.54 11.84 28.3 30.3 7.0 6.7 
A4T34-4 6.0 2.54 14.65 33.3 35.5 13.2 7.4 
 
5.9. Conclusions 
 
Following conclusions are obtained from the numerical simulations 
 For FMLs subjected to localized blast loading, the front face undergoes local pitting.  
 For relatively thin panels, the difference between the front face and back face 
displacement is not very large because the response of thin panel is relatively similar 
to monolithic plate. 
 For thick panel, back face debonding is a prominent failure mechanism and the 
difference between the front face and back face is large. When back face debonds 
from the rest of the panel then it behaves plastically like a separate aluminium plate 
and in rest of the panel the plasticity of aluminium and elastic behaviour of GFPP is 
dominated. 
 It has been shown that same panels with different thickness GFPP debonds at 
different velocities and at different times. 
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Chapter 6 
 
 
 
 
 
Comparison of FML with mild steel plate 
 
 
Nomenclature 
 
ܣ,ܤ,ܥ, ̇ߝ0 Material constants 
ܧ Modulus of elasticity 
ܩ Shear modulus 
ܮ Length of the plate 
ܯ௢ Plastic moment 
ݐ Thickness of the plate 
ܹ Width of the plate 
ݓ௙  Final displacement of the plate 
ߚ Aspect ratio 
ߩ Density 
ߤ Areal density 
߬ Duration of loading 
߮ Inclination of the yield line 
ߦ௢  Dimensionless parameter 
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6.1. Introduction 
 
 In this chapter the results of dynamic simulations on FMLs subjected to global and local blast 
loading are compared with the monolithic plates of mild steel. The mild steel plates with same 
areal density as FML and subjected to similar loading are simulated in ABAQUS and the results 
are compared with FML panels. 
 
The properties used for mild steel are given in Table 22. Johnson-cook material model is used 
for mild steel in this work. 
 
Table 22: Properties of mild steel (Vedantam et al., 2006) 
ρ,kg/m3 E , MPa A, MPa B , MPa n C ቀࢊࢿ
ࢊ࢚
ቁ
૙
,s-1 εf 
7800 200000 217 234 0.643 0.076 0.1 0.33 
 
A strain rate-dependent, critical plastic strain-based fracture criterion is used to simulate the 
failure of mild steel. The fracture strain is established as a tabular function of strain rate. The 
equivalent plastic strain at the onset of fracture is assumed to be a function of the equivalent 
plastic strain rate and the stress triaxilaity. A triaxilaity of 1/3 is assumed. (Dean et al., 2011) 
 
For the same impulse the displacement in mild plate with the same areal density as that of the 
equivalent FML is very high. 
  
6.2. Comparison for mild steel subjected to global blast loading 
 
 The detail discussion of the results is as follows. 
 
6.2.1. A2T12 
 
This panel is the thinnest among the group of panels with its thickness being equal to 2.2mm. 
For low impulse level of 10.3Ns the back face displacement for FML is 22.9mm whereas the 
mild steel plate with the same areal density underwent a displacement of 36.9mm. For the 
higher impulse value of 14.7Ns both FML and mild plate tore apart. The back face 
displacement history of FML and mild steel plate with same areal density is shown in Figure 64 
for the 10.3Ns impulse. 
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6.2.2. A2T14 
 
The displacement of this panel increases linearly with increasing the value of impulse but the 
same areal density mild steel plate can only sustain impulse less than 12.8Ns. The 
displacement in mild steel plate is almost double than its FML counterpart. 
6.2.3. A2T18 
 
This panel is the thickest among the panels with 2 layers of aluminium and 1 layer of GFPP. In 
FMLs the back face and the front face displacements increase with impulse and tearing occurs 
for I=56.1Ns. The mild steel plate with equal areal density and subjected to the same impulse 
can sustain only up to 26.1Ns.The displacements in mild steel are 75% to 100% more than the 
back plate displacements in corresponding FMLs. For impulse values higher than 26.1Ns, 
tearing occurs in the mild steel plate. The tearing for 48.6 Ns is shown in Figure 70 to Figure 
74. 
6.2.4. A3T21 
 
This panel is the thinnest among the group with three layers of aluminium and two layers of 
GFPP. The displacement of the front and back face of FML increases with increasing impulse. 
On the other hand mild steel plate with the same areal density can withstand only an impulse 
up to 12.5Ns. For higher impulses the mild steel plate just tears apart.  
6.2.5. A3T22  
 
The same pattern is observed in these panels. Only one panel is numerically simulated and 
also the mild steel plate with the same areal density for 33.4Ns impulse.  
6.2.6. A3T24 
 
This panel has three aluminium layers and two composite layers with four plies per layer. The 
behaviour of FML to blast loading is the same but better than other panels having the same 
number of layers but thinner plies. The mild steel plate with the same areal density displaced 
twice as much as its FML counterpart subjected to the same impulse. For impulses greater 
than 24.9Ns the mild steel plate tears apart. 
6.2.7. A4T32 
 
These FML panels showed the same pattern of increased front and back plate displacements 
with increasing impulse. The mild steel plate with the same areal density displaced twice for 
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the same impulse as compared to its FML counterpart. For impulses greater than 31.9NS, the 
mild steel plate tears apart. 
6.2.8. A5T42 
 
This panel consists of five layers of aluminium. In experimental results given in (Langdon et al., 
2008), only two panels were tested. In simulation, the first panel which is tested under an 
impulse of 39.5Ns is correlated numerically. The mild steel plate with same areal density could 
not stand for this impulse and tore apart. 
 
Table 23: Displacements of mild steel plate (no displacement is shown where tearing occurs) 
Panel 
ID 
Thickness of mild steel plate with 
equal areal density(mm) 
Impulse(Ns) 
db(Num.) 
(mm) 
Displacements(mild 
steel) (mm) 
A2T12 0.7 10.3 24.7 36.9 
A2T14 0.923 12.8 15 31.4 
A2T18 1.43 48.6 20.9 - 
A3T21 0.88 12.5 20.4 28.9 
A3T22 1.13 33.4 27.8 - 
A3T24 1.64 24.6 17.4 33.9 
A3T24 1.64 31.4 19.1 - 
A3T24 1.64 41.4 26.2 - 
A4T32 1.59 31.9 16.8 35.1 
A4T32 1.59 42.2 25 - 
A4T32 1.59 56.4 29.9 - 
A5T42 2.05 39.5 12 - 
 
 
Figure 64:A2T12, Impulse=10.3Ns 
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Figure 65: A2T14, Impulse=12.8 
 
Figure 66: A3T21, Impulse=12.5Ns 
 
Figure 67: A3T24, Impulse=24.6Ns 
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             Figure 68: A4T32, Impulse=31.9Ns 
 
 
Figure 69: Comparison of displacements for FML and mild steel 
 
To make sure that the displacement values obtained for mild steel are accurate, the 
comparison is made between the numerical and analytical values. The analytical values are 
calculated by the equation given in (Jones, 1989) and is given below. 
 ݓ௙
ݐ
= (3 − ߦ௢)[൜1 + ߣߦ௢ଶ ൬1 − ߦ௢ + 1(2 − ߦ௢)൰16ൠଵଶ − 1]2{1 + (ߦ௢ − 1)(ߦ௢ − 2)}  (43) 
  
The equation (43) gives the analytical solution for displacement of a fully clamped rectangular 
plate subjected to uniform pressure dynamically applied on the surface of the plate by 
considering membrane action and by considering rigid plastic behaviour. The terms used in 
(43) are  
 ߦ௢ = ߚݐܽ݊߶ (44) 
 ߣ = ߤ ௢ܸଶܮଶ
ܯ௢ݐ
 (45) 
 ௢ܸ = ௢ܲ߬ߤ  (46) 
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 ܯ௢ = ߪ௢ݐଶ4  (47) 
 ߤ = ߩݐ (48) 
 ߚ = ܤ
ܮ
= 1,߶ = 45௢(ݏݍݑܽݎ݁ ݌݈ܽݐ݁)  
where ݓ௙ ,ܤ, ܮ, ݐ, ௢ܲ,ߪ௢, ߬,ߩ are the residual plastic displacement, width of the plate, length of 
the plate, thickness of the plate, maximum over-pressure, and yield stress of mild steel, 
duration of loading and density of the plate material respectively. The comparison between 
analytical and numerical displacements is shown in Table 24. It is important to mention that 
the analytical solution does not take into account the strain rate sensitivity and assumes the 
material behaviour rigid plastic. 
 
Table 24: Numerical vs. Analytical displacements for mild steel 
Model ID Impulse(NS) wf(Analytical) wf(Numerical) 
A2T12 10.3 45.73 36.9 
A2T14 12.8 37.62 31.4 
A2T18 48.6 93.01 - 
A3T21 12.5 34.44 28.9 
A3T22 33.4 81.01 - 
A3T24 24.6 40.10 33.9 
A3T24 31.4 51.58 - 
A3T24 41.4 68.52 - 
A4T32 31.9 41.52 35.1 
A4T32 42.2 72.17 - 
A4T32 56.4 96.98 - 
A5T42 39.5 51.53 - 
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Figure 70 : A2T18, Impulse=48.6Ns @1.5019E-4s 
 
Figure 71: A2T18, Impulse=48.6Ns @3.0011E-4s 
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Figure 72 :A2T18, Impulse=48.6Ns @4.5004E-4s 
 
Figure 73: A2T18, Impulse=48.6Ns @6.0002E-4s 
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Figure 74 : A2T18, Impulse=48.6Ns @7.5000E-4s 
 
Figure 75: A2T18, Impulse=48.6Ns @9.0011E-4s 
                                                    
6.3. Comparison for mild steel plates subjected to local blast loading 
  
The results of FML panels subjected to local blast loading are compared with the monolithic 
plate made up of mild steel. The properties used for mild steel are given in Table 22. Johnson-
cook material model is used. The displacements are compared for the FML and mild steel 
panels with the same areal density and subjected to pressure pulse due to the same charge 
size and at an equal stand-off distance hence of the same imparted impulse. The 
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displacements are either greater in mild steel plate or less than the back face displacement of 
FML depending upon the thicknesses of the panels. When relatively thick steel plate subjected 
to low impulse, the displacement is much less than the back plate displacement of FML. For 
example for panel A4T38, the thickness of corresponding steel plate is 3.88mm, when 
subjected to lower impulse of 11.13Ns, the steel plate displacement is about 25 % higher than 
the front plate displacement of FML where as the back plate displacement in FML is greater 
than the displacement in monolithic steel plate. Hence it can be concluded that the major 
disadvantage in using FML is the debonding of the back plate for even smaller values of 
impulse. The comparison between the back plate displacement for FML and the plastic 
displacement for mild steel with the same areal density is shown in Table 25. 
 
Table 25: Displacements of mild steel plate (no displacement is shown where tearing occurs) 
Panel ID Thickness mild steel plate(mm) Impulse(Ns) db(Num.) (mm) 
Displacements(mild steel) 
(mm) 
A2T14 0.923 5.89 21.0 - 
A2T18 1.43 7.94 17.6 - 
A3T24 1.64 7.85 17.9 23.1 
A3T26 2.14 9.54 24.2 20.9 
A4T38 3.88 11.13 20.0 5.7 
A4T38 3.88 16.09 27.3 20.1 
A4T38 3.88 20.65 29.5 27.6 
A4T38 3.88 24.49 29.5 - 
A4T36 3.115 17.83 34.4 - 
A4T36 3.115 17.25 33.5 - 
A4T36 3.115 13.7 27.0 21.4 
A4T34 2.35 16.63 30.3 - 
A4T34 2.35 7.01 19.9 14.8 
A4T34 2.35 9.72 26.1 21.2 
A4T34 2.35 11.84 30.3 28.3 
A4T34 2.4 14.7 35.5 - 
 
6.4. Conclusions 
 
 For mild steel plate subjected to global blast loading, under the same impulse, FMLs 
perform much better than mild steel plates with the same areal density. It has been 
found that the final plastic displacements in mild steel plates are double than the back 
face displacement of FML for the same impulse for smaller values of impulse. As the 
impulse increases the difference between them reduces. 
 For mild steel plate subjected to local blast loading of similar impulse and have the 
same areal density as FML ,it is found that in some cases the back face displacement 
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in FML is more than the plastic displacement of mild steel although the front face 
displacement in FML is less than the plastic displacement of mild steel. This is because 
of debonding of the back face which initiates on a very small value of impulse.  
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Chapter 7 
 
 
 
 
 
Comparison of FML with Armour steel plate 
 
 
Nomenclature 
 
 
 
ܧ Modulus of elasticity 
ܧ௧  Tangent modulus 
ܩ Shear modulus 
ܮ Length of the plate 
ݐ Thickness of the plate 
ܹ Width of the plate 
ݓ௙  Final displacement of the plate 
ߚ Aspect ratio 
ߩ Density 
ߤ Areal density 
ߪ௢ Yield stress 
ߥ Poisson’s ratio 
߬ Duration of loading 
߮ Inclination of the yield line 
ߦ௢  Dimensionless parameter 
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7.1. Introduction 
 
 In this chapter, the results of FML panels subjected to global as well as local blast loadings are 
compared with monolithic plates made up of armour steel. Again, the basis for comparison is 
equal areal density. Elastic plastic hardening material model is used for armour steel. The 
material properties are given in the Table 26. 
 
Table 26: Material of Armour steel 
ρ,kg/m3 E , MPa ν σo, MPa Et , MPa  εf 
8000 182000 0.3 1190 4000  0.055 
 
 where ρ, E, ν, σo , Et and εf are density, elastic modulus, passion ratio, yield stress ,tangent 
modulus and failure strains respectively. 
 
7.2. Comparison for global blast loading 
 
For the same impulse, the displacements in plates made of armour steel are less than the FML 
of same areal density. The displacement comparison is shown in Table 27. For studied models, 
no tearing occurs in armour steel plates. The displacements in armour steel are 70% to 80% of 
the corresponding FML panel displacements for low impulses but as the impulse increases the 
differences between the displacements start to reduce and are shown in Figure 76. 
 
Table 27: Displacements of armour steel plate 
Panel 
ID 
Thickness of Armour steel 
plate(mm) 
Impulse(Ns) 
db(Num.) 
(mm) 
Disp.(Armour Steel) 
(mm) 
A2T12 0.7 10.3 24.7 15.7 
A2T14 0.923 12.8 15.0 13.1 
A2T18 1.43 48.6 20.9 17.6 
A3T21 0.88 12.5 20.4 12.2 
A3T22 1.13 33.4 27.8 19.5 
A3T24 1.64 24.6 17.4 14.4 
A3T24 1.64 31.4 19.1 17.9 
A3T24 1.64 41.4 26.2 22.7 
A4T32 1.59 31.9 16.8 14.4 
A4T32 1.59 42.2 25.0 23.1 
A4T32 1.59 56.4 29.9 26.9 
A5T42 2.05 39.5 12.0 19.2 
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Figure 76: Comparison of displacements for FML and armour steel 
 
As a check, the displacements for armour steel are also calculated analytically by using (43) 
and the results are shown in Table 28. The difference is relatively high for large impulses, 
which may be attributed to the rigid plastic assumption in the analytical equation. 
 
Table 28: Comparison of analytical vs numerical displacements for armour steel 
Model ID Impulse(Ns) wf(Analytical) wf(Numerical) 
A2T12 10.3 21.42 15.70 
A2T14 12.8 17.45 13.10 
A2T18 48.6 24.09 17.60 
A3T21 12.5 15.96 12.20 
A3T22 33.4 27.80 19.50 
A3T24 24.6 18.29 14.40 
A3T24 31.4 23.75 17.90 
A3T24 41.4 31.80 22.70 
A4T32 31.9 18.98 14.40 
A4T32 42.2 33.56 23.10 
A4T32 56.4 45.37 26.90 
A5T42 39.5 23.53 19.20 
 
7.3. Comparison for local blast loading 
 
 In this part of the work, the results from FML panels are compared with monolithic plates 
made of armour steel. Elastic plastic hardening material model is used for armour steel. The 
material properties are given in the Table 26. The displacements in armour steel plate are less 
than the back face displacements in FML for the same impulse as expected. The displacement 
comparison is shown in Table 29.  The main reason for the smaller displacements in armour 
steel than the back face displacement in FML can be attributed to the debonding of back face 
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in FML which initiates on a very small impulse as it was also seen in chapter 6 for comparison 
against mild steel.  
 
Table 29: Displacements of Armour steel plate 
Panel 
ID 
Thickness Armour steel 
plate(mm) Impulse(NS) 
db(Num.) 
(mm) 
Displacements in Armour steel 
(mm) 
A2T14 0.9 5.89 21.0 13.9 
A2T18 1.4 7.94 17.6 11.2 
A3T24 1.6 7.85 17.9 9.4 
A3T26 2.1 9.54 24.2 8.5 
A4T38 3.8 11.13 20.0 2.7 
A4T38 3.8 16.09 27.3 7.7 
A4T38 3.8 20.65 29.5 10.8 
A4T38 3.8 24.49 29.5 12.2 
A4T36 3.0 17.83 34.4 11.3 
A4T36 3.0 17.25 33.5 11.2 
A4T36 3.0 13.7 27.0 8.6 
A4T34 2.3 16.63 30.3 15.6 
A4T34 2.3 7.01 19.9 4.5 
A4T34 2.3 9.72 26.1 8.0 
A4T34 2.3 11.84 30.3 10.0 
A4T34 2.3 14.65 35.5 12.0 
 
7.4. Conclusions 
 
 The displacements in armour steel with same areal density are less than FML when 
subjected to the similar impulse and this is due to very high strength of armour steel.  
 No tearing is observed for Armour steel plate subjected to global blast loading. 
 For armour steel subjected to local blast and having the same areal density as FML, 
the displacements are less than the displacements observed in FML. 
 Similarly, as observed for armour steel subjected to global blast, no tearing was 
observed for local blast loading. Armour steel survived all the impulses and the reason 
of which is the high strength of armour steel as compared to FML. 
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Chapter 8 
 
 
 
 
 
Conclusions and future work 
 
 
 
8.1. Conclusions 
 
 In this work, FMLs with different numbers of aluminium and GFPP layers and with different 
thicknesses of GFPP subjected to global and local blast loadings are studied. The results of FE 
simulations are compared with experimental results on global and local blast loading on FML 
in (Langdon et al., 2007b, Lemanski et al., 2007a, Langdon et al., 2008). A good correlation 
with experimental results is obtained in all cases.  
 
For global blast loading, the small differences between the results of FE model and 
experimental model can be attributed to the fact that in experiments the loading is not 
uniformly distributed but is ‘approximately’ uniform over the surface of the plate. Debonding 
of the back plate is the most common type of failure mode for FMLs under global blast 
loading. For the same impulse, panels with more layers of aluminium and GFPP displace less 
as compared to the panels with less number of layers. In FMLs with the same number of 
layers of aluminium and GFPP but with different thickness of GFPP, it is found that the FMLs 
with small thickness of GFPP displace more as compared to the ones with thicker layers of 
GFPP. Tsai-Wu failure criterion is implemented in all simulations and ply failure is observed for 
most of the panels subjected to higher values of impulse. The ply failure is concentrated along 
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the boundaries and vanishes for most of the panels in the central part.  Under the same 
impulse, FMLs perform much better than mild steel plates with the same areal density. The 
final plastic displacements in mild steel plates are double than the back face displacement of 
FML for the same impulse. As the impulse increases the difference between them reduces. 
The displacements in armour steel with same areal density are less than FML when subjected 
to the same impulse and this is due to very high strength of armour steel.  
 
For local blast the back face debonding is the most commonly observed failure mechanism 
along with large global permanent displacements. In the case of localised blast, the damage 
zone is concentrated at the centre of the panel irrespective of the charge size and hence of 
the impulse. The displacements of the back face increase with impulse. The results are 
compared with mild steel plates with same areal density and it is found that in some cases the 
back plate displacement in FML is more than the plastic displacement of mild steel although 
the front face displacement in FML is less than the plastic displacement of mild steel. This is 
because of debonding of the back plate which initiates on a very small value of impulse. The 
results are also compared with armour steel plates and as anticipated the displacements in 
armour steel are less than the displacements in FML because of its high strength. 
 
For local blast loading the damage is concentrated in the centre of the panel regardless of 
charge size and impulse and decreases gradually towards to edges whereas for the global 
blast case, the damage is distributed throughout the panel. For local blast the debonding of 
the back plate is also concentrated at the centre of the panel only and the rest of the face is 
intact with the panel whereas in global blast loading the debonding is more at the central part 
and spread out gradually towards the boundaries and manages to reach the edge of the 
panel.  
8.2. Future work 
 
The current research work can be extended, and for FMLs, a multi degree of freedom model 
can be developed which should be able to capture the elastic response of the system. 
Frequency analysis of FML and the response of FML on elastic foundation is also a very 
attractive area of research. In addition to that, an analytical solution can be developed for 
FML subjected to blast loading to calculate the percentages of energies absorbed in different 
mechanisms such as bending, membrane action, debonding etc and this will help in better 
design of these structures for different civil and military applications.  
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Appendices 
1. Appendix 1  
 
FORTRAN code for woven composite 
a) Tsai-Hill 
 
c User subroutine VUSDFLD for user-defined fields for ABAQUS 6.9-1 
c ---------------------------------------------------------------- 
c 
c 1 FV - ply failure, Tsai-Hill, 1965 
c 
      subroutine vusdfld( 
c Read only - 
     *   nblock, nstatev, nfieldv, nprops, ndir, nshr,  
     *   jElemUid, kIntPt, kLayer, kSecPt,  
     *   stepTime, totalTime, dt, cmname,  
     *   coordMp, direct, T, charLength, props,  
     *   stateOld,  
c Write only - 
     *   stateNew, field ) 
c 
      include 'vaba_param.inc' 
c 
      dimension props(nprops), 
     *          jElemUid(nblock), coordMp(nblock, *),  
     *          direct(nblock, 3, 3), T(nblock,3,3),  
     *          stateOld(nblock, nstatev),  
     *          stateNew(nblock, nstatev), 
     *          field(nblock, nfieldv) 
      character*80 cmname 
c 
c 
c properties array 
c ---------------- 
c     props(1) => Fibre-direction tensile strength, Xt 
c     props(2) => Fibre-direction compressive strength, Xc 
c     props(3) => Matrix-direction tensile strength, Yt 
c     props(4) => Matrix-direction compressive strength, Yc 
c     props(5) => Ply shear strength, Sc 
c 
      character*3 cData(maxblk*6) 
      dimension jData(maxblk*6) 
      dimension stress(maxblk*6),strain(maxblk*6) 
c 
c 
c read properties 
c --------------- 
      xt = props(1)  
      xc = props(2)        
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      yt = props(3)  
      yc = props(4) 
      sc = props(5) 
c 
c 
c get stresses and strains from previous increment 
c ------------------------------------------------ 
      jStatus = 1 
      call vgetvrm( 'S', stress, jData, cData, jStatus ) 
      jStatus = 1 
      call vgetvrm( 'LE', strain, jData, cData, jStatus ) 
c 
      call evaluateDamage( nblock, nstatev, 
     *     nfieldv, ndir, nshr,  
     *     xt, xc, yt, yc, sc, 
     *     stress, strain, 
     *     stateOld,  
     *     stateNew, field ) 
c 
      return  
      end 
c 
      subroutine evaluateDamage ( nblock, nstatev,  
     *     nfieldv, ndir, nshr,  
     *     xt, xc, yt, yc, sc, 
     *     stress, strain, 
     *     stateOld,  
     *     stateNew, field ) 
c 
      include 'vaba_param.inc' 
c 
      dimension stress(nblock,ndir+nshr), 
     *     strain(nblock,ndir+nshr), 
     *     stateOld(nblock,nstatev),  
     *     stateNew(nblock,nstatev), 
     *     field(nblock,nfieldv) 
c 
c 
c initialise failure flags from statev 
c ------------------------------------ 
c 
      do k = 1, nblock 
         stateNew(k,1) = stateOld(k,1) 
c 
         ply = stateOld(k,1) 
c      
         s11 = stress(k,1) 
         s22 = stress(k,2) 
         s33 = stress(k,3) 
         s12 = stress(k,4) 
         s23 = stress(k,5) 
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         s13 = stress(k,6) 
* 
         e11 = strain(k,1)  
         e22 = strain(k,2)  
         e33 = strain(k,3)  
         e12 = 2.0*strain(k,4)   !e12 is engineering strain 
         e23 = 2.0*strain(k,5)   !e23 is engineering strain 
         e13 = 2.0*strain(k,6)   !e13 is engineering strain 
c 
c 
c ply failure 
c ----------- 
c 
c for the case of tension      
         term1a = ((s11)**2+(s22)**2)/(xt)**2 
         term2a = (s33/yt)**2 
         term6a = (s11*s22+s22*s33+s33*s11)/((xt)**2) 
c 
c for the case of compression 
         term1b = ((s11)**2+(s22)**2)/(xc)**2 
         term2b = (s33/yc)**2 
         term6b = (s11*s22+s22*s33+s33*s11)/((xc)**2) 
c 
c for the case of shear 
         term3 = ((s23)**2+(s13)**2)/((sc)**2) 
         term4 = (s12/sc)**2 
c 
c 
         if (s11 .lt. 0.d0) then 
               term1 = term1b 
               term6 = term6b   
         else 
               term1 = term1a 
               term6 = term6a 
         endif 
c 
         if (s22 .lt. 0.d0) then 
               term2 = term2b 
         else 
               term2 = term2a 
         endif  
c   
         if (ply .lt. 1.d0) then 
               ply = term1 + term2 + term3 + term4 +term5 -term6 
            stateNew(k,1) = ply 
         endif 
c 
c 
c state transition diagram 
c ------------------------ 
c 
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c fv1: ply failure 
c 
c e: young's modulus 
c nu: poisson's ratio 
c g: shear modulus 
c 
c                            fv1       e1  e2 e3  nu12 nu13 nu23 g12 g13 g23 
c                            ---------------------------    
c (1) no failure              0    =>  e1  e2 e3  nu12 nu13 nu23 g12 g13 g23 
c (2) ply failure             1    =>  0   0   0  0  0  0  0  0  0     
c 
c 
c update field variables  
c ---------------------- 
c           
         field(k,1) = 0.d0 
c 
         if (ply .ge. 1.d0) then  
            field(k,1) = 1.d0 
         end if 
c 
      end do 
c 
      return 
      end 
c 
b) Tsai-Wu 
 
 c User subroutine VUSDFLD for user-defined fields for ABAQUS 6.9-1 
c ---------------------------------------------------------------- 
c 
c 1 FV - ply failure, Tsai-Wu, 1971 
c 
      subroutine vusdfld( 
c Read only - 
     *   nblock, nstatev, nfieldv, nprops, ndir, nshr,  
     *   jElemUid, kIntPt, kLayer, kSecPt,  
     *   stepTime, totalTime, dt, cmname,  
     *   coordMp, direct, T, charLength, props,  
     *   stateOld,  
c Write only - 
     *   stateNew, field ) 
c 
      include 'vaba_param.inc' 
c 
      dimension props(nprops), 
     *          jElemUid(nblock), coordMp(nblock, *),  
     *          direct(nblock, 3, 3), T(nblock,3,3),  
     *          stateOld(nblock, nstatev),  
     *          stateNew(nblock, nstatev), 
     *          field(nblock, nfieldv) 
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      character*80 cmname 
c 
c 
c properties array 
c ---------------- 
c     props(1) => Fibre-direction tensile strength, Xt 
c     props(2) => Fibre-direction compressive strength, Xc 
c     props(3) => Matrix-direction tensile strength, Yt 
c     props(4) => Matrix-direction compressive strength, Yc 
c     props(5) => Ply shear strength, Sc 
c 
      character*3 cData(maxblk*6) 
      dimension jData(maxblk*6) 
      dimension stress(maxblk*6),strain(maxblk*6) 
c 
c 
c read properties 
c --------------- 
      xt = props(1)  
      xc = props(2)        
      yt = props(3)  
      yc = props(4) 
      sc = props(5) 
c 
c 
c get stresses and strains from previous increment 
c ------------------------------------------------ 
      jStatus = 1 
      call vgetvrm( 'S', stress, jData, cData, jStatus ) 
      jStatus = 1 
      call vgetvrm( 'LE', strain, jData, cData, jStatus ) 
c 
      call evaluateDamage( nblock, nstatev, 
     *     nfieldv, ndir, nshr,  
     *     xt, xc, yt, yc, sc, 
     *     stress, strain, 
     *     stateOld,  
     *     stateNew, field ) 
c 
      return  
      end 
c 
      subroutine evaluateDamage ( nblock, nstatev,  
     *     nfieldv, ndir, nshr,  
     *     xt, xc, yt, yc, sc, 
     *     stress, strain, 
     *     stateOld,  
     *     stateNew, field ) 
c 
      include 'vaba_param.inc' 
c 
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      dimension stress(nblock,ndir+nshr), 
     *     strain(nblock,ndir+nshr), 
     *     stateOld(nblock,nstatev),  
     *     stateNew(nblock,nstatev), 
     *     field(nblock,nfieldv) 
c 
c 
c initialise failure flags from statev 
c ------------------------------------ 
c 
      do k = 1, nblock 
         stateNew(k,1) = stateOld(k,1) 
c 
         ply = stateOld(k,1) 
c      
         s11 = stress(k,1) 
         s22 = stress(k,2) 
         s33 = stress(k,3) 
         s12 = stress(k,4) 
         s23 = stress(k,5) 
         s13 = stress(k,6) 
* 
         e11 = strain(k,1)  
         e22 = strain(k,2)  
         e33 = strain(k,3)  
         e12 = 2.0*strain(k,4)   !e12 is engineering strain 
         e23 = 2.0*strain(k,5)   !e23 is engineering strain 
         e13 = 2.0*strain(k,6)   !e13 is engineering strain 
c 
c 
c ply failure 
c ----------- 
c 
c        
         f1 = (1/xt)-(1/xc) 
        f11 = 1/(xt*xc) 
        f3  = (1/yt)-(1/yc) 
        f33 = 1/(yt*yc) 
        f55 =1/((sc)**2) 
        f13 = (-1/2)*((f11*f33)**(1/2)) 
        f12 = (-1/2)*((f11*f11)**(1/2)) 
        f23 = (-1/2)*((f11*f33)**(1/2)) 
c 
        part1 = f1*s11 + f1*s22 + f3*s33 
        part2 = f11*((s11)**2 +(s22)**2) +f33*((s33)**2) 
        part3 = f55*((s23)**2 + (s13)**2 +(s12)**2) 
        part4 = 2* f12 *s11*s22 +2*f13*s11*s33 +2*f23*s22*s33 
 
         if (ply .lt. 1.d0) then 
               ply = part1 + part2 + part3 + part4 
            stateNew(k,1) = ply 
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         endif 
c 
c 
c state transition diagram 
c ------------------------ 
c 
c fv1: ply failure 
c 
c e: young's modulus 
c nu: poisson's ratio 
c g: shear modulus 
c 
c                            fv1       e1  e2 e3  nu12 nu13 nu23 g12 g13 g23 
c                            ---------------------------    
c (1) no failure              0    =>  e1  e2 e3  nu12 nu13 nu23 g12 g13 g23 
c (2) ply failure             1    =>  0   0   0  0  0  0  0  0  0     
c 
c 
c update field variables  
c ---------------------- 
c           
         field(k,1) = 0.d0 
c 
         if (ply .ge. 1.d0) then  
            field(k,1) = 1.d0 
         end if 
c 
      end do 
c 
      return 
      end 
c) Subroutine for VDLOAD 
 
      subroutine vdload( 
c  Read only (unmodifiable)variables- 
 1 nblock, ndim, stepTime, totalTime, 
 2 amplitude, curCoords, velocity, dirCos, jltyp, sname, 
c  Write only (modifiable) variable - 
 1 value) 
  include 'vaba_param.inc' 
  dimension curCoords(nblock,ndim), velocity(nblock,ndim), 
 1  dirCos(nblock,ndim,ndim), value(nblock) 
  character*80 sname 
  parameter (ro=15.d0, rb=60.d0) 
  parameter (c=114.d0, amptime=0.00002) 
       if (stepTime .LT.amptime) then 
            amplitude1=EXP(-2*stepTime/0.000008) 
       else  
            amplitude1=0 
       endif   
  do 100 k = 1, nblock 
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  r=SQRT((curCoords(k,1)*curCoords(k,1)+curCoords(k,3)*curCoords(k,3)))  
      if (r .LE. ro) then 
    value(k)=2500*amplitude1 
      else  
                    if (ro .LT. r  .AND. r .LE. rb) then 
    value(k)=2500*amplitude1*EXP(-c*(r-ro)) 
                    else 
                                value(k)=0 
                    endif  
    
      endif 
c       
  100 continue 
c 
        return 
        end 
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